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ABSTRACT
Hagag, Mohamed F. Ph.D., Purdue University, August 2018. Co-design of Reconﬁgurable and Multifunction Passive RF/Microwave Components. Major Professor:
Dimitrios Peroulis.
In order to meet the market demands, multi-band communication systems that are
able to accommodate diﬀerent wireless technologies to be compatible with diﬀerent
wireless standards should be investigated and realized. Multifunction and multi-band
RF front-end components are promising solutions for reducing the size and enhancing
the performance of multi-band communication systems. This dissertation focuses
on the design and implementation of diﬀerent multifunction and tunable microwave
components for use in multi-standard, ﬂexible transceiver.
For frequency-domain duplexing (FDD) communication systems, in which the
uplink and downlink channels are carried on diﬀerent RF frequencies, a diplexer is
an essential component to separate the transmitting and receiving signals from the
antenna. Electrically tunable diplexers simplify the architecture of reconﬁgurable
RF- front end. Moreover, in modern communication systems, the crowding of the
spectrum and the scaling of electronics can result in higher common-mode interference and even-order non-linearity issues. In this dissertation, three tunable compact
SIW-based dual-mode diplexers, with various SE (single-ended) and BAL (balanced)
capabilities, are introduced for the ﬁrst time. The dual-mode operation results in
a dependent tuning between the two ports. The presented designs are for SE-SE,
SE-BAL, and BAL-BAL. However, based on the presented design concepts, any combination of the diplexer ports can be achieved in terms of supporting the balanced
and single-ended system interface. The fabricated diplexers show low insertion loss,
high isolation, good tuning range and high common mode rejection.

xix
Tunable bandstop ﬁlter (BSF) is one of the essential components in the design
of RF front-ends that require wide-band operations. A wide-open front-end leaves
the receiver vulnerable to jamming by high-power signals. As a result, this type of
front-ends requires dynamic isolation of any interfering signal. Realization of such
ﬁlters in a balanced conﬁguration, as a second function, is an important step in the
realization of full-balanced RF front-ends. Balanced (diﬀerential) circuits have many
important advantages over unbalanced (single-ended) circuits such as immunity to
system noise, reduction of transient noise generation and inherent suppression of evenorder nonlinearities. All reported balanced ﬁlters are bandpass ﬁlters that target wide
pass-bands and high common-mode rejection. These ﬁlters are necessary for wideband RF front-ends but, as mentioned above, leave the system open to interferers and
jammers. In this dissertation, a new diﬀerential coupling structure for evanescentmode cavity resonators is developed, enabling the design of fully-balanced tunable
BSF. The proposed ﬁlter is tunable from 1.57-3.18 GHz with 102% tuning range. In
addition, over the full range, the measured 10-dB fractional bandwidth ranges from
1-2.4%, and the attenuation level is better than 47 dB.
Lastly, Substrate Integrated Waveguide (SIW) evanescent-mode cavity resonators
(EVA) are employed in the design of RF couplers, quadrature hybrid and rat-race
couplers. These couplers are used in the design of numerous RF front-end components
such as power ampliﬁers, balanced mixers, and antenna array feeding networks. Utilizing such resonators (EVA) in the design allows the couplers to have wide spurious-free
range, low power consumption, high power handling capability and both tunability
and ﬁltering capabilities. The proposed quadrature hybrid coupler can be tuned starting from 1.32–2.22 GHz with a measured insertion loss range from 1.29 to 0.7 dB.
The measured reﬂection and isolation are better than 12 dB and 17 dB, respectively.
Moreover, the coupler has a measured spurious free range of 5.1–3fo (lowest–highest
frequency). Regarding rat-race coupler, two designs are introduced. The ﬁrst design
is based on a full-mode cavity while the second one is more compact and based on a

xx
half-mode cavity. Both designs show more than 70% tuning range, and the isolation
is better than 30 dB.
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1. INTRODUCTION
1.1

Why reconﬁgurable RF components?
Since wireless radio communication was ﬁrst invented by Nikolai Tesla more than

one century ago, communications methods have been developed starting with the
ﬁrst telegraph to ﬁrst wireline telephone until they evolved to the modern digital
cellular mobile phones. By utilizing wireless radios, information can be transferred far
and wide which makes wireless radio terminals increase pervasively in our everyday
life. Initial wireless systems were designed to support only voice signal. However,
multimedia applications (e.g live TV and internet apps) require wireless systems
to be able to support both voice and data. Currently, many broadband wireless
standards are being used such as wireless ﬁdelity (WiFi), third generation (3G), fourth
generation (4G) and short-range communication. Nevertheless, none of the current
technologies are able to handle the future data rates. Recently, another approach is
proposed to increase data rates by utilizing millimeter wave bands (ﬁfth generation
(5G)). On the other hand, a radio terminal should be able to support a multitude
broadband wireless standards to be able to operate in diﬀerent countries. The same
concept of multi-standard is applied to diﬀerent wireless systems, such as navigation,
military communication and space communication. These radios are often referred to
as multi-mode/multi-band radios [3]. Devices that support multi-mode/multi-band
radios should be able to work in multiple bands with few or no modiﬁcations. Hence,
they require an adaptive RF front-end with reconﬁgurable RF components. Another
type of radios that requires adaptive RF front-ends is the cognitive radio [2]. In such
radios, the system should be able to sense the surrounding spectral environment and
adjust its transceiver parameters to enhance the radio link.
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As a result, the designs of modern radios’ transceivers are challenged by both
high ﬂexibility and reconﬁgurability requirements. A lot of recent research work has
focused on designing adaptive RF components to satisfy these requirements.

1.2

Reconﬁgurable RF front end

Fig. 1.1.: The RF front-end basic architecture of a transceiver.

There are three basic methods that can be employed for reconﬁgurability. The
ﬁrst method is to use several parallel chains of independent transmitters and receivers.
Each chain is designed to handle a speciﬁc set of standards. One chain should be
activated at a time using a multi-pole, multi-throw switching scheme that exists
between the chains and antenna(s). The second approach is similar to the ﬁrst one,
except that only a number of common blocks are shared. The third approach is
based on fully-reconﬁgurable blocks. Each block can be reconﬁgured to handle more
than one standard and function. A comparison between the three reconﬁgurable
approaches is shown in table 1.1 [3].
A basic RF front end architecture of a transceiver is shown in Fig. 1.1. It mainly
consists of an antenna (or multiple antennas in MIMO system), feeding network,
diplexer, ﬁlters, low noise ampliﬁer (LNA), power ampliﬁers and couplers. Mixers
may also be employed in heterodyne systems. In order to have a reconﬁgurable RF
front end, reconﬁgurable RF components must be investigated and developed.
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1.2.1

Evanescent-mode Cavity Resonator (EVA)

In this dissertation, reconﬁgurable components are designed and realized using
evanescent-mode cavity resonators (EVAs). A cross section of an EVA is shown in
Fig. 1.2. The evanescent-mode cavity resonator has a high intrinsic quality factor
and its second-order resonance is pushed far away when a post is added. Thus an
EVA has a very wide spurious-free range. In addition, an EVA exhibits excellent
high-power capability and is compatible with many tuning schemes such as varactors
[6,7], piezoelectric and MEMS electrostatic actuators [8–13]. Piezoelectric and MEMS
electrostatic actuators result in highly linear devices. On the other hand, they are
slower than varactor-based ones. The piezoelectric tuners used in this dissertation
consume negligible power and can generate high actuation forces. As a result, they
are also suitable for high power applications [104, 105].

Fig. 1.2.: Cross section view of an evanescent-mode cavity resonator [23].

Table 1.1.: Comparison between the three reconﬁgurable approaches
Approach

Advantages

Disadvantages

Switching between different signal chains

• Simple designs, each standard has its own chain.
• Minimum power consumption.

• Multiple

modules

are

re-

quired.
• Hard to scale to > 100s paths

Common blocks reuse
• Minimizes the number of components.
• Saves real-estate area.
• Common blocks should be independent of standards.

Full
RF
with

• Increased design complexity
of the common blocks.
• Higher cost

reconﬁgurable
front-end

design

reconﬁgurable

components

• Blocks change their functionality according to each
standard speciﬁcation.
• Reconﬁgured blocks fulﬁll all standards.

• Complicated designs.
• Higher performance demands
on individual components.

• Real-estate reduction and better integration density.
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1.2.2

Examples of reconﬁgurable RF passive components

Reconﬁgurable diplexers
For frequency-domain duplexing (FDD) communication systems, in which the
uplink and downlink channels are carried on diﬀerent RF frequencies, a diplexer is
an essential component to separate the transmitting and receiving signals from the
antenna. Electrically-tunable diplexers simplify the architecture of reconﬁgurable RF
front-ends. Research has been conducted on several circuit topologies and diﬀerent
tuning components. Progress of tunable diplexers is often synchronized with that of
tunable ﬁlters.
The conventional topology of diplexers consists of two tunable bandpass ﬁlters
combined using a distribution network. This distribution network often increases
the size of the diplexer and degrades its performance [14]. In addition, narrow-band
matching attributes limit the tuning range of many diplexers.
A tunable diplexer is proposed in [15]; it consists of two bandpass ﬁlters with
additional low- and high-pass ﬁlters, but its tuning range is very narrow (11%). In [16],
a tunable diplexer is realized by using tunable transmission lines. However, the
number of transmission lines (> 10), which occupy a large circuit area, limits the
tuning range. In order to increase the tuning range, some eﬀorts have introduced
reconﬁgurable matching networks that act as variable phase shifters and allow for
wideband phase and impedance matching between the tunable ﬁlters [17]. On the
other hand, another class of tunable diplexers based on common dual-mode resonators
has been introduced. Its structure excludes any distribution network eliminating
drawbacks introduced by matching networks [18]. However, its two channels are
relatively far apart (1.3/2.4 GHz), which is not compatible with many communication
standards.
Almost all reported tunable diplexers serve only unbalanced (single-ended) systems. In [19], a tunable single-to-balanced diplexer is presented, for the ﬁrst time.
This diplexer is realized in printed circuit board technology (PCB) by using pairs of
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stepped-impedance resonators (SIRs) and varactors, as tuners. To the best of the
author’s knowledge, this work is the only available realization of tunable balanced
diplexers in the open literature.
Most of the reported diplexers have been realized using limited quality-factor
(Q) planar resonators and varactors. The Q of the employed resonators is usually
dominated by the Q of the varactor, and often below 50-100 at frequencies from 0.5
to 4 GHz. Thus, their insertion loss (IL) is often high (> 3dB) [17,19–21]. Moreover,
power handling and linearity of such diplexers are limited due to the non-linear nature
of the varactors.
On the other hand, in [22], a tunable diplexer was realized, for the ﬁrst time, by
using Evanescent-mode Substrate integrated waveguide (SIW) cavities and piezoelectric actuators. The presented diplexer can be tuned from 0.75 GHz to 1 GHz, with
maximum insertion loss (IL) 2.2 dB in both channels. The measured tuning range
of the reported diplexer is limited due to the relatively narrow band distribution
network.

Reconﬁgurable ﬁlters
Microwave ﬁlters are basic components in the architecture of RF front-end. They
play an essential role in keeping the desired frequency spectrum clear from any interfering or jamming signals. As a result, in order to have full-reconﬁgurable RF
front-end, reconﬁgurable ﬁlters must be investigated and developed. Reconﬁgurable
ﬁlters are well reviewed in [23].

Reconﬁgurable couplers
This dissertation focuses on two types of reconﬁgurable hybrid couplers [24], 90o
and 180o hybrid couplers.
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A quadrature coupler is a 90o hybrid coupler in which there is a 90o phase diﬀerence between its two output ports. It is a common microwave dividing component [24]
that is incorporated in many devices such as antenna feeding networks [25], ampliﬁers [26, 27], mixers [28], phase-shifters [29], quadrature local oscillator (LO) generators and radar receivers. The ﬁrst demonstrated reconﬁgurable quadrature couplers
were designed with lumped elements and were tuned with varactors [31]. On-chip
integrated designs based on complementary metal oxidesemiconductor (CMOS) technology have also been reported [32]. Apart from varactors, employing active inductors
has also been proposed for additional design ﬂexibility. However, CMOS implementations often result in more complex structures and higher IL. Mixed transmission line
and lumped element designs are an interesting middle ground [33]. Such designs presume some of the transmission line working advantages while maintaining acceptable
size due to their lumped elements. On the other hand, most of the proposed tuning
techniques and their implementations schemes fail to achieve decent performances
due to the limitations in their spurious free range, power consumption, power ability,
insertion loss and tuning range.
A rat-race coupler is a 180o hybrid coupler in which there is a 180o phase difference between its two output ports [24]. As such, rat-race couplers are used in
the design of numerous RF front-end components such as power ampliﬁers, balanced
mixers, and antenna array feeding networks [24, 34–36]. However, most of reported
reconﬁgurable rat-race couplers mainly tune the power dividing ratio using varactors [37, 38]. A very limited number of reports present frequency-tunable rat-race
couplers with reported tuning ranges below 30% [39–41].

1.3

Why Multifunctional RF components?
Multifunctionality denotes the ability of a system or a component to implement

two or more functions at the same time. In the RF component world, this is often
achieved by integrating two or more function in a simple component. The main pur-
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pose of designing multifunctional RF components is to achieve RF system miniaturization. Many methods have been used to reduce the component size, such as employing
folded lines [42, 43], defected ground structure (DGS) [44–46], stepped impedance
sections [47, 48] and composite right/left-handed transmission lines [49–51]. At the
system level, and as an alternative way of miniaturization, diﬀerent functions (such as
ﬁltering [52–54] and balanced operation) are integrated into conventional components
creating multifunction components. As a result, the number of required RF front-end
blocks can be reduced. This technique is realized in many components and devices,
such as power dividers [55, 56], power ampliﬁers [57, 58], and antennas [59, 60].

1.4

Balanced (diﬀerential) circuits vs. unbalanced (single-ended) circuits
A balanced (diﬀerential) circuit is a circuit having two inputs (and/or outputs)

that exhibit the same amplitude and opposite polarity with respect to a common
reference, typically ground. A certain level of symmetry is often required for achieving
that [61].
Balanced circuits have many important advantages over unbalanced (single-ended)
ones [62]:
• Increased immunity to system noise: If the circuit is fully balanced, any powersupply noise, substrate noise, and other system noise sources act as a commonmode signal, while the balanced system reacts only to diﬀerential signals.
• Reduced generation of transient noise: If the circuit is fully balanced, any positive voltage or current transient is always accompanied by a corresponding
negative transient. As a result, this transient noise will also act as a common
signal.
• Improved ampliﬁer stability: A fully balanced multistage ampliﬁer exhibits reduced undesired coupling between its stages and therefore improved stability.
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• Reduced even-order nonlinearities: The transfer function of a fully balanced
(fully symmetrical) circuit is always odd. Thus, no even-order nonlinearities
are present.
On the other hand, balanced circuits are more complex to design and realize.
Furthermore, maintaining the diﬀerential characteristics of a circuit is often harder
at higher frequencies.

1.5

Dissertation Overview
This dissertation is organized into chapters as follows:
• Chapter 2 presents, for the ﬁrst time, three tunable SIW-based dual-mode
diplexers, with various SE and BAL capabilities. The presented designs are
for SE-SE, SE-BAL, and BAL-BAL. The main diﬀerence between the three
diplexers is in the external coupling structure, which provides the SE and BAL
ports. The design concepts of the diplexers are otherwise similar. The dualmode operation results in a dependent tuning between the two ports. The
size of the overall diplexer, however, is reduced due to the dual-mode operation compared to single-mode SIW diplexers [22]. First, the design details of
the dual-mode diplexing is presented including isolation optimization. Then,
the external coupling design, implementation and measurements of each of the
three presented designs are demonstrated. The SE-SE, SE-BAL and BAL-BAL
diplexers can be tuned starting from 2.07 GHz, 2.2 GHz and 2 GHz, respectively, for the low band and 2.71 GHz, 2.8 GHz and 2.56 GHz, respectively,
for the high band, with a tuning range of 45%, 57.2% and 63.5%, respectively.
The measured average insertion loss is 1.32 dB for the SE-SE, 1.95 dB for the
SE-BAL, and 2.15 dB for the BAL-BAL. The size of each one of the diplexers is
0.45λg × 0.48λg for the SE-SE, 0.7λg × 0.6λg for the SE-BAL, and 0.5λg × 0.44λg
for the BAL-BAL, where λg is the guided wave length of a 50 Ω microstrip line
at the beginning of the tuning range in the low band. However, the diplexing
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structures for the three diplexers are almost in the same size. For the proposed SE-BAL and BAL-BAL diplexers, the in-band CMR is more than 40 dB
throughout the tuning range.
• Chapter 3 presents a balanced octave-tunable absorptive BSF, for the ﬁrst time.
The ﬁlter is designed to attenuate the diﬀerential mode signal with minimal
eﬀect on the common mode signal. The ﬁlter can be tuned starting from 1.57
GHz with a 102% tuning range. Throughout the tuning range, the 10-dB notch
fractional bandwidth changes from 1 to 2.4%, and the minimum attenuation
level is better than 47 dB.
• Chapter 4 presents, for the ﬁrst time, a tunable narrow-band substrate integrated waveguide (SIW) cavity-based quadrature hybrid coupler. Four high
quality factor (Q) SIW evanescent-mode cavity resonators are employed in the
design and tuned using piezoelectric actuators. This allows the proposed coupler
to have very wide spurious free range, low power consumption and high power
handling capability compared to other tunable planar couplers. The coupler
can be tuned starting from 1.32 GHz with 69% tuning range with a measured
insertion loss ranges from 1.29-0.7 dB. Over the full range, The measured 3-dB
fractional bandwidth ranges from 5-18% while the measured ±5◦ phase error
(6 S21 − 6 S31 ) absolute bandwidth ranges from 40-82 MHz with an amplitude
imbalance ranges between 1-0.3 dB. The measured reﬂection, isolation and spurious free range are better than 12 dB, 17 dB and 3 fo , respectively.
• Chapter 5 presents, for the ﬁrst time, frequency-tunable ﬁltering rat-race couplers based on half-mode and full-mode evanescent-mode cavity resonators (EVA)
are presented. Employing evanescent mode cavity resonators in the coupler design yields attractive characteristics, such as a wide tuning range and a wide
spurious-free range, while also adding ﬁltering functionality to the device. The
presented couplers are synthesized as a two pole band pass ﬁlter using the coupling matrix method. Then, the coupling coeﬃcients are mapped to a coupler
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topology. Design, simulations, and experimental validation are presented. The
total size of the proposed full-mode EVA-based (FM-EVA-B) rat-race coupler
is (0.38λg × 0.38λg [λg at 1.3 GHz]) which represents 42% reduction in the
structure footprint compared to a conventional one. On the other hand, the
implemented half-mode EVA-based (HM-EVA-B) rat-race coupler has a very
compact size (0.14λg × 0.14λg [λg at 885 MHz]) achieving a 92% miniaturization in the structure footprint compared to the conventional planar one. The
FM-EVA-B coupler can be tuned starting from 1.3-2.21 GHz (70% tuning range)
while the HM-EVA-B coupler has an 86% tuning range ranging between 0.885–
1.65 GHz . Throughout the tuning range, the FM-EVA-B and HM-EVA-B
couplers show an equal power splitting ratio and ﬁltering proﬁle with a measured insertion loss between 4.2–3.7 dB and 5–4.2 dB, respectively. Over the
full range, the measured 3-dB fractional bandwidth ranges from 5.5-6.46% for
FM-EVA-B coupler and 6.8–8% for HM-EVA-B coupler. Both couplers have
measured isolation better than 30 dB. In addition, the HM-EVA-B coupler has
a measured spurious free bandwidth ranges between 10.2–5.45fo .
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2. TUNABLE SIW CAVITY-BASED DUAL-MODE
DIPLEXERS WITH VARIOUS SINGLE-ENDED AND
BALANCED PORTS
2.1

Overview
This chapter presents, for the ﬁrst time, tunable dual-mode Substrate Integrated

Waveguide (SIW) diplexers with various Single-Ended (SE) or Balanced (BAL) ports.
Dual-mode diplexing reduces the required volume by half while signal routing is
achieved by proper coupling sections. Furthermore, the SIW resonators result in
low loss and wide tunability. The presented work experimentally demonstrates three
designs with SE-SE, SE-BAL, and BAL-BAL port conﬁgurations. The SE-SE, SEBAL and BAL-BAL diplexers can be tuned starting from 2.07 GHz, 2.2 GHz and 2
GHz, respectively, with a tuning range of 45%, 57.2% and 63.5%, respectively. The
average measured insertion loss is 1.32 dB for the SE-SE, 1.95 dB for the SE-BAL,
and 2.15 dB for the BAL-BAL. The average size of the diplexer is 55×55 mm2 . For
the proposed SE-BAL and BAL-BAL diplexers, the measured in-band CMR is better
than 40 dB throughout the tuning range.

2.2

Introduction
Diplexers play a signiﬁcant role in Frequency Division Duplexing (FDD) systems.

There are many measures associated with the performance of diplexers, such as size,
isolation, loss, integration, and tunability. As a result, designing a diplexer that
meets all such measures is very challenging. Conventional architectures consist of
two bandpass ﬁlters (BPF) operating at two diﬀerent frequencies, combined using a
distribution network [15, 22, 63]. The size and performance overhead caused by the
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distribution network can be eliminated by using dual-mode diplexing [64–68]. On the
other hand, SIW resonators often present a good compromise between volume and
performance due to their compact size and high quality factors [69–71]. This technology has also been successfully utilized to implement tunable designs by integrating
high-Q tuners, such as electrostatic MEMS or piezoelectric actuators [8–13].
Single-ended (SE) RF front ends are easier to implement compared to balanced
(BAL) ones. However, the latter is often chosen to resolve common-mode interference
and even-order non-linearities caused by spectrum crowding and scaling of electronics
[61,62,72]. However, to the best of the authors knowledge, no balanced SIW diplexers
have been reported in the open literature thus far. Indeed, only a limited number of
research eﬀorts integrate the balun functionality into the diplexer. In [73–75], staticfrequency SE-BAL diplexers were realized using planar resonators. The best achieved
insertion loss (IL), amplitude imbalance, phase imbalance, Common Mode Rejection
(CMR), and isolation were 1.5 dB, 1dB, 2 degrees, 40 dB, and 46 dB, respectively. On
the other hand, the only realization of tunable SE-BAL diplexer was done by using
planar stepped impedance resonators and varactors as tuners [19]. While each port
can be tuned independently, the associated IL was more than 5 dB, and the tuning
range was less than 30%. As for BAL-BAL diplexers, the available literature only
shows planar static frequency implementations [76–79].
For the ﬁrst time, tunable SIW-based diplexers, with various SE and BAL capabilities, with state-of-the-art performance are introduced. Furthermore, we introduce
a unique dual-mode diplexing concept that reduces the required volume by half, compared to previous implementations such as [22]. The presented implementations also
allow for wideband tuning (around 50%) while maintaining low insertion loss and
high isolation. These concepts are experimentally demonstrated by designing a SESE, a SE-BAL, and a BAL-BAL diplexers. The main diﬀerence between the three
diplexers is in the external coupling structure, which provides the SE and BAL ports.
The dual-mode operation results in a dependent tuning between the two ports. The
SE-SE, SE-BAL and BAL-BAL diplexers can be tuned starting from 2.07 GHz, 2.2
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GHz and 2 GHz, respectively, for the low band and 2.71 GHz, 2.8 GHz and 2.56
GHz, respectively, for the high band, with a tuning range of 45%, 57.2% and 63.5%,
respectively. The average measured insertion loss is 1.32 dB for the SE-SE, 1.95 dB
for the SE-BAL, and 2.15 dB for the BAL-BAL. The size of each one of the diplexers
is 0.45λg × 0.48λg for the SE-SE, 0.7λg × 0.6λg for the SE-BAL, and 0.5λg × 0.44λg
for the BAL-BAL, where λg is the guided wave length of a 50 Ω microstrip line at
the beginning of the tuning range in the low band. However, the diplexing structures for the three diplexers are almost the same size. For the proposed SE-BAL and
BAL-BAL diplexers, the in-band CMR is better than 40 dB throughout the tuning
range.
First, the design details of the dual-mode diplexing are presented including isolation optimization in Sec. 2.3. Then, the external coupling design, and diplexer
implementation and measurements of the SE-SE, SE-BAL, and BAL-BAL diplexers
are demonstrated in Secs. 2.4-2.6.

2.3

Dual-Mode Diplexing Concept

2.3.1

Diplexing Architecture

The dual-mode diplexing concept is shown in Fig. 2.1. The incident wave at
the source, port 1, excites two modes in a common dual-mode resonator (resonator
A), mixed-modes coupling resonator. Mode II is coupled to resonator B, Mode II
coupling resonator, (creating high channel on port 2), while the Mode I is coupled
to resonator C, Mode I coupling resonator, (creating low channel on port 3). While
resonator B can be designed to support only mode II, it is designed as a dual-mode
resonator to match the Q in all the resonators of the mode of interest. Resonator C
is not necessarily dual-mode resonator because it has to support only Mode I. The
resonators used here are a split-post loaded SIW evanescent mode cavities, shown
in Fig. 2.1 [80, 81]. The magnetic ﬁeld distribution of both modes is shown in Fig.
2.2(a) and (b). Mode I, shown in Fig. 2.2(a), can be excited from anywhere in the
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Fig. 2.1.: The architecture of dual-mode diplexer. The two channels are created by
exciting two modes in a common dual-mode resonator. A cross section of a
dual-mode split-post loaded SIW evanescent mode cavity is shown in the inset
ﬁgure.

Fig. 2.2.: Magnetic ﬁeld distribution of the resonators (a) Mode I, (b) Mode II. (c)
Resonator regions classiﬁcation based on magnetic ﬁeld distribution of the modes.
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cavity except the area between the posts [region II in Fig. 2.2(c)]. On the other
hand, Mode II, shown in Fig. 2.2(b), can be excited only in between the posts or
behind them [regions I and II in Fig. 2.2(c)]. The magnetic ﬁeld distribution and the
resonant frequency of each mode is aﬀected diﬀerently by introducing coupling slots
in the corresponding regions shown in Fig. 2.2(c).

Fig. 2.3.: (a) Coupling slots in diﬀerent regions to excite the mode of interest (b)
Resonant frequency of the modes versus coupling aperture angle and length at ﬁxed
R1 = 7.4 mm, g = 10 µm, R3 = 2.5 mm, Dp1 = 4.5 mm, d1 = 2 mm and
W1 = W2 = W3 = 2.5 mm.
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Fig. 2.4.: Mode Frequency Ratio (MFR) of the modes at diﬀerent slot widths versus
coupling aperture angle and length at ﬁxed R1 = 7.4 mm, g = 10 µm, R3 = 2.5 mm
, Dp1 = 4.5 mm and d1 = 2 mm.

2.3.2

Resonant Frequency Misalignment

Introducing a slot in diﬀerent regions in Fig. 2.2(c), shown in Fig. 2.3(a), results
in diﬀerent resonant frequencies [Fig. 2.3(b)] and diﬀerent Mode Frequency Ratio
(MFR) [Fig. 2.4]. The MFR is calculated using
MF R =
where fM ode

II

and fM ode

I

fM ode II
,
fM ode I

(2.1)

are the resonant frequencies of Mode II and Mode I, re-

spectively. Having diﬀerent MFRs for each resonator gives the advantage of detuning
the undesired mode in the high or low channels, which mainly provides the required
diplexing.
Fig. 2.5 shows the resonant frequency dependence of the two modes in each resonator on the capacitance gap (g). As illustrated in the ﬁgure, when the frequencies of
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Fig. 2.5.: Resonant frequency of the modes versus capacitance gap size (g), at ﬁxed
R1 = 7.4 mm, R3 = 2.5 mm, Dp1 = 4.5 mm, φ1 = 35o , φ1 = 45o , d1 = 2 mm,
Ls = 6 mm and W1 = W2 = W3 = 2.5 mm. An example is shown in the ﬁgure. The
same resonant frequency (2.5 GHz) of both modes for resonator B and C occurs at
diﬀerent gap g.

Mode II (the desired mode) in resonators A and B are aligned, their undesired Mode
I frequencies are misaligned. Likewise, when the Mode I frequencies of resonators A
and C and aligned, their Mode II frequencies are misaligned. The frequency misalignment of the undesired modes provides some degree of isolation between the output
ports, as does the appropriate choice of external coupling, which will be discussed
in the next section. This mechanism is illustrated further in Fig.2.8 that shows the
Magnetic ﬁeld distribution in the diplexer when resonator I is aligned to mode II
resonant frequency of resonator II and to Mode I resonant frequency of resonator III.
The schematic of the proposed diplexer is shown in Fig. 2.6. In order to design
a dual-mode resonator (resonant frequency of Mode I and the MFR), ﬁrst, the dual
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Fig. 2.6.: Structure of the proposed diplexing schematic. (a) Top view, (b) Cross
section of resonator B.

mode resonator can be designed as a single-mode resonator setting Dp1 = 0. Based
on the desired resonant frequency of Mode I, as in [82], we have
l
1
,
Zo tan(2πfr ) =
c
2πfr Cpost

(2.2)

where fr is the resonant frequency of Mode I, l is the post height, c is the speed
of light in the used substrate, Cpost is the eﬀective capacitance of the post, and Zo
is the characteristic impedance of the coaxial line, which is determined by the post
and cavity diameters. Then, as shown in Fig. 2.7, Changing variable Dp1 mainly
determines the resonant frequency of Mode II and has a slight eﬀect on the resonant
frequency of Mode I. At that point, the external coupling is designed as shown in
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Fig. 2.7.: MFR and resonant frequency of the mode I versus the distance between
the two posts Dp1 and the distance between the post vias d1 of the common
resonator, A, at ﬁxed R1 = 8 mm, φ1 = 35o , W1 = 2.5 mm and g = 10 µm. For the
variation of d1 , Dp1 and R3 are kept ﬁxed at 4.5 mm and 4mm, respectively, while
d1 and R3 are kept ﬁxed at 2 mm and 2.5 mm, respectively, for the variation of Dp1 .

following Sections. Since the size of the external coupling slot aﬀects the resonant
frequency, the dimensions d1 and Dp1 (in Fig. 2.6) are adjusted to achieve the desired
MFR and resonant frequency. Fig. 2.7 shows how both the MFR and the resonant
frequency of Mode I change with Dp1 and d1 , at ﬁxed g. Increasing Dp1 will decrease
the MFR with a slight change in the resonant frequency. However, the MFR starts
to increase as the post-vias become close to the cavity wall-vias.
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Fig. 2.8.: Magnetic ﬁeld distribution in the diplexer when resonator I is aligned to
mode II resonant frequency of resonator II and to Mode I resonant frequency of
resonator III. (a) Mode I, (b) Mode II.

2.3.3

Inter-resonator Coupling

Fig. 2.9 shows the eﬀect of varying the resonators’ center to center distance on the
inter-coupling coeﬃcient of the channels. The inter-resonator coupling is calculated
when each mode is aligned in frequency at diﬀerent resonators using the method
introduced in [83]. The inter-resonator coupling also plays a role in suppressing
Mode II in the lower channel. This is due to the fact that Mode II is nearly zero
in the direction of this coupling (Fig. 2.2(b)). Consequently, as shown in Fig. 2.9,
the coupling of Mode II in the lower channel is practically zero. As a result, making
resonator C a single-Mode or dual-mode does not further improve the isolation as will
be shown in the following sections.

2.4

SE-SE Diplexers Implementation and Measurements
In order to achieve a SE or BAL port, the external coupling structure of a diplexer

has to be designed accordingly. As a result, the external coupling structure for each

22

Fig. 2.9.: Inter-resonator coupling coeﬃcient K12 of the upper and lower channel as
function of resonators center to center distance, L1 and L2 , computed at 2.1 GHz,
for the lower channel, and 2.7 GHz, for the upper channel. For each channel, the
width of the iris is kept ﬁxed, W r1 = 11.3 mm for the lower channel and W r1 = 7.3
mm the upper channel.

one of the proposed diplexers is presented ﬁrst, followed by the implementation details
and measurements.
Each channel of the diplexers is synthesized as a second order BPF using the coupling matrix method [83]. The employed coupling coeﬃcients are based on a Chebyshev ﬁlter response (for 0.2 dB passband ripple). Then, the diplexers are simulated
and optimized using ANSYS high-frequency structure simulator (HFSS).

23

Fig. 2.10.: Simulated external coupling coeﬃcient Ke of the three resonators as a
function of coupling aperture length and angle, computed at 2.1 GHz, for the lower
channel, and 2.7 GHz, for the upper channel. The slot width is kept ﬁxed,
W1 = W2 = W3 = 2.5 mm for the three resonators. A 30-mil thick 4350B Roger
substrate is employed.

2.4.1

External Coupling

Fig. 2.10 shows the external-coupling coeﬃcient (Ke ) factor of the three resonators
versus the size of the coupling aperture, at the beginning of the tuning range. Ke is
calculated, as in [83], by using
Ke = q

1
ωo ·τS11 (ωo )
4

,

(2.3)
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Fig. 2.11.: An exploded view of the simulated HFSS model of the SE-SE diplexer.

where τS11 is the group delay of S11 at resonant radian frequency ωo . As shown
in the ﬁgure, the external coupling of resonator A couples into both modes, while
resonators B and C primarily couple into mode II and mode I, respectively. This
further improves the isolation between the channels.
As can be seen in Fig. 2.10, the leakage in resonator B from mode I results
in a ﬁnite amount of coupling. However, mode I in resonators A and B occurs at
diﬀer frequencies as shown in Fig. 2.3(a). As a result, the leaked coupling shows no
signiﬁcant eﬀect on isolation.
Fig. 2.10 also shows that, at all ports, the external coupling aperture excites a
single shorted transmission line (to maximize the magnetic ﬁeld coupling), providing
an SE operation.

2.4.2

Implementation and Results

An exploded view of the simulated HFSS model of the SE-SE diplexer is shown
in Fig. 2.11. The cavities and signal substrates are 60-mil and 30-mil thick RO4350B
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Fig. 2.12.: Photograph of the proposed SE-SE diplexer, (a) Top view (b) Bottom
view (c) Side view. The piezoelectric tuner is removed from the common resonator
to show the split-post.

substrate, respectively. The SE-SE diplexer is fabricated using multilayer PCB process, and the ﬁnal product is shown in Fig. 2.12. The total size of the diplexer is
0.45λg ×0.48λg (40x43 mm) (λg at 2.1 GHz). The bottom of each resonator is covered
with a ﬂexible 1-mil thick silver disk attached to a T216-A4NO-273X piezoelectric
actuator using silver epoxy. The actuator is used to tune the resonant frequency of
the resonators by changing gap (g) between the posts and the silver disk, as shown
in Fig. 2.6(b). The fabricated physical dimensions are shown in Table 2.1.
Fig. 2.13 presents the measured and simulated S-parameters of the proposed SESE diplexer at the beginning, middle and the end of the tuning range. The lower
channel can be tuned from 2.07 GHz to 3 GHz, and the 3-dB fractional bandwidth
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Fig. 2.13.: Simulated and measured S-parameters of SE-SE diplexer.
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Fig. 2.14.: Pass-bands magniﬁcation of lower and upper channel associated with
Fig. 2.13.

Table 2.1.: Design Parameters of the SE-SE Diplexer
Parameter

Length (mm)

Parameter

Length (mm)

W2

2.2

W3

2.3

d1

2

Dp1

5.6

R1

7.4

R2

6.1

R3

2.5

Rs3

4.2

L2

14.4

g (Res. A)

13-32 (µm)

W r2

7.3

g (Res. B)

14-35 (µm)

L1

13.3

g (Res. C)

12-30 (µm)

W r1

11.3

Parameter

Angle (degree)

Rs1

4.2

φ1

35

Ls

6

φ2

45

W1

2.2
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changes from 4.35% to 5.9% within the tuning range. The upper channel is tuned
(with the lower channel) from 2.71 GHz to 3.9 GHz with a 3-dB fractional bandwidth
changing from 2.5% to 3.6%. Fig. 2.14 shows the magniﬁed insertion losses for the
lower and upper channels at the three measured frequencies. Throughout the tuning
range, the insertion loss varies between 1.1 to 1.54 dB for the lower channel and
from 1.6 to 2 dB for the upper channel. The measured channel-to-channel isolation
is better than 36 dB throughout the tuning range.

2.5

SE-BAL Diplexer

2.5.1

External Coupling

Fig. 2.15.: Schematic of the balanced external coupling structure showing that
balanced excitation creates an electric wall in the coupling slot which maximize the
magnetic ﬁeld coupling while common excitation creates magnetic wall which
suppresses the coupling of the magnetic ﬁeld.

The external coupling of the common resonator A is similar to that of the SE-SE
one.
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Fig. 2.16.: Simulated external coupling coeﬃcient Ke of the three resonators as a
function of coupling aperture length and angle, computed at 2.2 GHz, for the lower
channel, and 2.8 GHz, for the upper channel. The slot width is kept ﬁxed,
W1 = 2 mm; W3 = 1.2 mm and W S3 = 1.5 mm, for the three resonators. A 16-mil
thick 4350B Roger substrate is employed.

For resonators B (M-II) and C (M-I), the external coupling is a transmission line,
with the coupling aperture below its middle point (symmetry plane) as shown in
Fig. 2.15 [84]. An external excitation to the balanced port can be analyzed as a
combination of a diﬀerential- and common-mode excitation. A diﬀerential-mode excitation creates a maximum current at the coupling point due to the electric wall at
the symmetry plane. This maximizes the magnetic ﬁeld coupling to the cavity. A
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common-mode excitation results in zero current due to the magnetic wall at the symmetry plane. This suppresses the coupling of the common mode into the resonator.
These concepts are demonstrated in Fig.2.15.
Resonator C is designed with a single post (single-mode) to increase the magnetic
ﬁeld at the coupling location, providing suﬃcient balanced coupling. This also eliminates the second mode in the resonator. Using dual-mode cavity dose not provide
suﬃcient balanced coupling because region III (in Fig. 2) would have weaker magnetic ﬁeld compared to region I, and small slots are used for balanced excitation to
decrease CMR.
Fig. 2.16 shows the simulated external coupling values for the SE-BAL resonators
as a function of the coupling aperture size. Ke is calculated using (1). For the singleended port, the group delay of S11 is employed while, for the balanced ports, .the
group delay of the diﬀerential-mode reﬂection coeﬃcient Sdd11 is employed. Sdd11 is
obtained by
Sdd11 = (S11 − S21 − S12 + S22 )/2

(2.4)

The achieved external coupling covers the required values for the presented design
with reasonable coupling size.

2.5.2

Implementation and Results

The SE-BAL diplexer is fabricated using a similar process as described in Sec.
2.4.2. The materials used are a 60-mil and 16-mil thick RO4350B substrates for
the cavities and the signal substrates, respectively. The total size of the diplexer is
0.7λg × 0.6λg (60 mm x50 mm) (λg at 2.2 GHz). While the diplexing structure is
almost the same size compared to the SE-SE diplexer, the external coupling is adding
the extra size. A photograph of the implemented diplexer is shown in Fig. 2.17.
The piezoelectric tuners are identical to the ones used in the SE-SE diplexer. The
fabricated physical dimensions are shown in Table 2.2. Each channel is measured
separately by terminating the other channel in a matched load. First, with matching
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the upper channel (port 2), Fig. 2.18(a) presents the measured port 3 (lower channel)
S-parameters, and the simulated S-parameters of the proposed SE-BAL diplexer at
the beginning, middle and at the end of the tuning range. The lower channel can be
tuned from 2.2 GHz to 3.46 GHz, and the 3-dB fractional bandwidth changes from
2.4% to 3% across the tuning range. Second, with matching the lower channel (port
3), Fig. 2.18(c) presents the measured port 2 (upper channel) S-parameters, and the
simulated S-parameters of the diplexer at the same tuning states. The upper channel
is tuned (with the lower channel) from 2.8 GHz to 4.4 GHz with a 3-dB fractional
bandwidth changing from 1.6% to 1.8%. Fig. 2.18(b) shows the amplitude and phase
imbalance within the 10-dB bandwidth associated with the tuning states shown in
Fig. 2.18(a)(c). Fig. 2.19 presents the maximum amplitude and phase imbalance
within the 3-dB bandwidth of the diplexer channels for several tuning states across
its tuning range. In all cases, the amplitude imbalance is less than 0.5 dB, and
the phase imbalance is less than 0.7o for both channels. In all measured states, the
maximum observed CMR is better than 44 dB for the both channels.

Fig. 2.17.: Photograph of the proposed SE-BAL diplexer, (a) Top view (b) Bottom
view.

channel is terminated with 100 Ω diﬀerential load (c) Upper channel is measured and lower channel is terminated with 100
Ω diﬀerential load (b) The amplitude and phase imbalance within the 10-dB bandwidth associated with the tuning states
shown in (a)(c).
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Fig. 2.18.: Simulated and measured S-parameters of SE-BAL diplexer Channels (a) Lower channel is measured and upper
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Table 2.2.: Design Parameters of the SE-BAL Diplexer
Parameter

Length (mm)

Parameter

Length (mm)

Ls3

6.5

W s3

1.5

d1

2

Dp1

5.6

R1

7.5

R2

6.1

R3

2.4

Lt

20

L2

14.5

W3

1.2

W r2

6.7

g (Res. A)

15-43 (µm)

L1

14.3

g (Res. B)

15-43 (µm)

W r1

8.4

g (Res. C)

16-47 (µm)

Rs1

5

Parameter

Angle (degree)

Ls

4.5

φ1

45

W1

2

Throughout the tuning range, the insertion loss varies between 2.2 dB at 2.2 GHz
to 1.7 dB at 3.4 GHz for the lower channel, and from 2.1 dB at 2.8 GHz to 2.7 dB
at 4.4 GHz for the upper channel. The maximum leakage measured from port 1 to
the upper channel (S21 ) within the passband of the lower channel is 28 dB while the
maximum observed leakage to the lower channel (S31 ) within the passband of the
upper channel is 42 dB. To measure the isolation, four ports are needed to measure
the two balanced ports, and a ﬁfth port is needed to align the common resonator
(port 1). Due to the four-port limitation in the measurement setup, only simulated
isolation is shown in Fig. 2.18. The isolation is expected to be lower than the leakage
since the signal path of the isolation (S32 , or S23 ) goes through the three resonators,
compared to two resonators in the leakage case. This is supported in the simulation
results in Fig. 2.18. As a result, the leakage values are considered as an upper bound
for the isolation.
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Fig. 2.19.: Measured worst-case amplitude and phase imbalance within the 3-dB
bandwidth of the SE-BAL diplexer for several tuning states across its tuning range.

2.6

BAL-BAL Diplexer

2.6.1

External Coupling

The external couplings in the BAL-BAL diplexer for resonators B and C are
identical to the external couplings in the SE-BAL. The common resonator (resonator
A) is diﬀerentially excited at region I (from Fig. 2(c)) such that it excites both
modes. The external coupling values are simulated as a function of the coupling size,
and plotted in Fig. 2.20. The coupling values cover the design requirements with
reasonably sized apertures.
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Fig. 2.20.: Simulated external coupling coeﬃcient Ke of the three resonators in the
BAL-BAL diplexer as a function of coupling aperture length and angle, computed
at 2 GHz, for the lower channel, and 2.7 GHz, for the upper channel. The slot width
is kept ﬁxed, W s1 = 1.5 mm; W3 = 1.2 mm and W S3 = 1.5 mm, for the three
resonators. A 10-mil thick 5880 Roger substrate is employed.

2.6.2

Implementation and Results

The BAL-BAL diplexer is fabricated using multilayer PCB process. The total
size of the diplexer is 0.5λg × 0.44λg (60x50 mm) (λg at 2 GHz). Also, the diplexing
structure does not exceed in size the one proposed in Section 2.4.2. A photograph of
the implemented diplexer is shown in Fig. 2.21. A 60-mil thick RO4350B substrate
are employed as a cavity substrate, and a 10-mil thick RO5880 substrate are employed
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Fig. 2.21.: Photograph of the proposed BAL-BAL diplexer, (a) Top view (b)
Bottom view.

Table 2.3.: Design Parameters of the BAL-BAL Diplexer
Parameter

Length (mm)

Parameter

Length (mm)

Ls3

7

Ls

4.1

d1

2

W s1

1.5

R1

7.5

W s3

1.5

R3

2.5

Dp1

5.6

L2

15.45

R2

6.1

W r2

6.2

Lt

10.5

L1

14.8

W3

1.2

W r1

8.8

Ls1

6.5

g (Res. A)

12-38 (µm)

g (Res. B)

13-41 (µm)

g (Res. C)

14-44 (µm)

as a signal substrate. The tuning is done using the same aforementioned manner. The
fabricated physical dimensions are shown in Table 2.3.
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As in Section 2.5.2, each channel is measured separately by matching the other
channel. However, here, for the sake of compactness, upper channel and lower channel
results are plotted in one ﬁgure. Fig. 2.22 presents the measured and simulated Sparameters of the proposed BAL-BAL diplexer at the beginning, middle and the end
of the tuning range. The lower channel can be tuned from 2 GHz to 3.27 GHz, and
the 3-dB fractional bandwidth changes from 2.3% to 2.8% within the tuning range.
The upper channel is tuned (with the lower channel) from 2.56 GHz to 4.23 GHz with
a 3-dB fractional bandwidth changing from 1.2% to 1.4%. In all measured states, the
maximum observed CMR is less than 35 dB for the both channels. Throughout the
tuning range, the insertion loss varies between 2.5 to 1.8 dB for the lower channel and
from 3 to 2.4 dB for the upper channel. The same diﬃculty in measuring the isolation
exists. However, based on the simulated isolation and the leakage between channels,
the measured channel-to-channel isolation should be better than 35 dB, throughout
the tuning range.

2.7

Measurements Overview
As shown in Fig. 2.18 and Fig. 2.22, in terms of CMR, the proposed SE-BAL

diplexer is better than the proposed BAL-BAL diplexer. There are three reasons for
that. First, the used SMA connectors are lower quality in Fig. 2.21 compared to Fig.
2.17. This was necessary due to the speciﬁc layout and is not related to the actual
diplexer. Second, in the case of the BAL-BAL diplexer, semi-rigid extension cables
are used to measure the diplexer, due to the tight distance between the ports. This
also increases the imbalance. Finally, the cross-coupling between the ports is higher
in the BAL-BAL case as can be seen from the measurements. As shown in Fig. 2.22,
CMR between ports 1 and 3 is better than that between ports 1 and 2.
A voltage range (-200 V to 200 V) has been used, in all implementation, to achieve
the frequency tuning. The variations in the range of g is due to fabrication tolerances.
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Fig. 2.22.: Simulated and measured S-parameters of BAL-BAL diplexer.

Table 2.4.: Comparison with SE -SE Diplexers

This work

[22]

[85]

[86]

[17]

[21]

Tech.

Min-fo (GHz)

Max- IL (dB)

Min-Isolation (dB)

Piezo

2.07/2.71

1.54/2
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Piezo

Varactor

Varactor

Varactor

Varactor

0.75/0.8

0.94/1.51

1.9/2.6

1.42/1.53

0.9/1.2

3.7/2.2

2.7/2.9

5/6.3

5/6.6

3.2/3.5

45

51

45

45

22

Size (mm2 )

Tuning range (%)

40 × 43

45/45

(0.45λg × 0.48λg )

(D)

> 5776

33/37

(0.14λ2g )

(I)

40/40

28/27

(0.11λg × 0.12λg )

(I)

40 × 57

78/30

(0.1λg × 0.6λg )

(I)

10 × 22

42/48

(0.13λg × 0.28λg )

(I)

29 × 47.1

25/25

(0.13λg × 0.21λg )

(I)

• λg is computed at fmin .
• Tunning range = ((fmax − fmin ) × 100)/fmin .
• (D): The two channels are tuned dependently–(I): The two channels are tuned independently.
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Table 2.5.: Comparison with SE-BAL Diplexers
Tech.

This work

Piezo

Min-fo

Max- IL

Min-Isolation

Size

Min-CMR

Max-imbal.

Tuning

(GHz)

(dB)

(dB)

(mm2 )

(dB)

(dB/degree)

range (%)

2.2/2.8

2.2/2.7

28

44

0.5/0.7

60 × 43
(0.7λg × 0.6λg )

[19]

Varactor

1.5/2.05

7.3/7.5

35

67 × 31

(D)
37

1/4

(0.56λg × 0.26λg )
[74]

Static

1.85/2.454

1.42/1.77

33

90 × 45

57.2/57.2

26.6/19.5
(I)
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-

Static

40

-

Static

(1.17λg × 0.58λg )
[73]

Static

1/1.2

2.2/2.35

46

45.5 × 128
(0.25λg × 0.71λg )

40

Table 2.6.: Comparison with BAL-BAL Diplexers
Tech.

This work

Piezo

fo

Max- IL

Min-Isolation

Size

Min-CMR

Tuning

(GHz)

(dB)

(dB)

(mm2 )

(dB)

(%)

2-3.27/2.56-4.23

2.5/3

35

50 × 35

50/35

(0.5λg × 0.44λg )
[76]

Static

2.46/3.65

1.5/2

33

41 × 85

63.5/63.5
(D)

30

Static

47

Static

(0.26λg × 0.38λg )
[79]

Static

1.92/2.45/5.25/5.81

1.38/1.6/1.52/1.8

51.8

60 × 50
(0.67λg × 1.4λg )

41

42
Comparisons between other state-of-art SE-SE diplexers, SE-BAL diplexers and
BAL-BAL diplexers are shown in table 2.4, table 2.5 and table 2.6, respectively. As
shown in table IV, the proposed SE-SE diplexer has the lowest IL with good tuning
range and compact size. As shown in table 2.5, the proposed SE-BAL diplexer has the
lowest IL, highest CMR and tuning range with relatively compact size and reasonable
isolation. Regarding the proposed BAL-BAL diplexer, it is the ﬁrst presented tunable
diplexer that supports balanced outputs in all its ports.

2.8

Conclusion
A novel compact tunable low-loss SIW cavity-based SE-SE, SE-BAL and BAL-

BAL diplexers are presented for the ﬁrst time. Based on the demonstrated design
concepts, any combination of balanced and single-ended ports can be achieved. The
only diﬀerence between the three presented designs is in the external coupling structures. The measured isolation, CMR, and tuning range is better than 30 dB, 40
dB, 45%, respectively, for all presented designs. This diplexer design methodology is
feasible for SE or BAL multi-band FDD systems.
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3. BALANCED OCTAVE-TUNABLE ABSORPTIVE
BANDSTOP FILTER
3.1

Overview
This chapter presents, for the ﬁrst time, a balanced octave-tunable absorptive

bandstop ﬁlter. The balanced (diﬀerential) operation is realized by coupling two
transmission lines with an opposite polarity to each of two high-Q tunable Substrate
Integrated Waveguide (SIW) cavity resonators. The ﬁlter is based on the 90o hybridcoupler absorptive bandstop ﬁlter topology enabling high levels of rejection over a
wide tuning range. Both simulated and measured results are shown. The total size
of the proposed ﬁlter is 0.39λg × 0.36λg (λg at 1.57 GHz), and it is tunable from
1.57-3.18 GHz with 102% tuning range. Over the full range, the measured 10-dB
fractional bandwidth ranges from 1-2.4%, and the attenuation level is better than 47
dB.

3.2

Introduction
Cognitive radios address the growing challenge of spectrum management in mod-

ern communication systems [2, 87]. In such radios, the transceiver needs a wide-band
RF front-end in order to sense and adapt over a wide frequency range. However, a
wide-open front-end leaves the receiver vulnerable to jamming from high-power signals. Tunable bandstop ﬁlters (BSF) oﬀer a potential solution to this problem through
dynamic isolation of any interfering signal in the crowded spectrum environment.
Balanced (diﬀerential) circuits have many important advantages over unbalanced
(single-ended) circuits such as greater immunity to system noise, reduction of transient noise generation and inherent suppression of even-order nonlinearities [61, 62].
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Although balanced circuits are more complex to design and realize, they are widely
utilized due to these attractive properties [88–93]. The majority of reported balanced ﬁlters are bandpass ﬁlters that target wide pass-bands and high common-mode
rejection [94–97]. These ﬁlters are necessary for wide-band RF front-ends but, as
mentioned above, leave the system open to interferers and jammers. To the best of
the author’s knowledge, no balanced tunable BSF, operating on the diﬀerential mode
signal, has been reported in the open literature which would be necessary to realize
a fully diﬀerential system.
In this chapter, a balanced octave-tunable absorptive BSF is designed and experimentally validated, for the ﬁrst time. The ﬁlter is designed to attenuate the
diﬀerential mode signal with minimal eﬀect on the common mode signal. The ﬁlter
can be tuned starting from 1.57 GHz with a 102% tuning range. Throughout the
tuning range, the 10-dB notch fractional bandwidth changes from 1 to 2.4%, and the
minimum attenuation level is better than 47 dB.

3.3

Design
A well-known topology to realize an absorptive BSF is the hybrid-coupler topol-

ogy shown in Fig.3.1(a). As shown, this topology employs coupling between two
resonators and two non-resonating nodes which creates two out of phase signal paths
between source and load. When the coupling values are properly chosen, this interference results in an absorptive notch with very high rejection independent of the
resonators’ quality factor (QU ). This topology has been used to generate high performance single-ended ﬁlters for a variety of applications [11, 98, 99]. In order to
realize a balanced implementation, the traditional topology is expanded as shown in
Fig.3.1(b). As annotated, traditional two signal paths are still present to enable the
absorptive notch. However, in order to apply the notch to the diﬀerential signal, the
external coupling values between the balanced lines and the resonators need to be
equal in magnitude and opposite in polarity.
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Fig. 3.1.: (a) Conventional hybrid-coupler topology for absorptive bandstop ﬁlter
realization. (b) Proposed topology for the balanced tunable absorptive bandstop
ﬁlter.

In [100], it was shown that slightly detuning the resonators of the traditional
topology can increase the notch over a wide tuning range. The external coupling
must remain larger than a minimum value, shown in (3.1), over the full tuning range.
The same condition applies to the proposed balanced topology.
s
Ke−bal ≥ Ke−bal,min =

1
Q2U

2
+ K12

K12 sin(θ)

,

(3.1)

The BSF 3-D structure is shown in Fig.3.2(a). In this implementation, we utilize
SIW evanescent mode cavity resonators tuned using piezoelectric actuators [9,12,101].
The inter-resonator coupling is realized using a line of stagged vias connecting the
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Fig. 3.2.: (a) Proposed balanced tunable absorptive bandstop ﬁlter 3-D structure
without the tuning elements. (b) Top view of one of the resonators with the
fabricated dimensions.

top and bottom at the coupling region accompanied with coupling slots as shown
in Fig.3.2(a)(b). This allows the current to transfer from the top ceiling of one of
the cavities to the bottom of the other ﬂipping the sign of the magnetic coupling
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Fig. 3.3.: Schematic of external coupling structure and magnetic ﬁeld distribution in
the resonator (a) Balanced coupling (b) Common mode coupling.

and resulting in the positive coupling required by the topology [102]. The physical
dimensions of the proposed BSF are shown in Fig. 3.2(b).
Fig. 3.3 shows the magnetic ﬁeld distribution in the resonator and the corresponding coupling polarity for two external coupling conﬁgurations. In the ﬁrst case, shown
in Fig. 3.3(a), the two transmission lines’ currents create opposite polarity magnetic
ﬁelds in the resonators. Thus, only diﬀerential signals are coupled. Conversely, in
the second case shown in Fig. 3.3(b), the currents create in-phase magnetic ﬁelds.
Therefore, only common signals are coupled. To target the notch to the diﬀerential
signal, the structure shown in Fig. 3.3(a) is employed in the design of the proposed
BSF. Fig. 3.4 shows the dependence of balanced external coupling on the width of the
slots (Ws ) and their separation distance (Ds ). As shown, balanced external coupling
increases as the slots’ width increases or the slots come closer to each other.
Fig. 3.5 shows how the balanced external coupling, inter-resonator coupling and
electrical length of the main path (including the phase introduced by the slots) change
throughout the tuning range. Moreover, the minimum required value for the external
coupling (Ke,min ) is plotted in Fig. 3.5 using both simulated values of QU (441-550)
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Fig. 3.4.: Balanced external coupling coeﬃcient dependence on the slots’ width and
the distance between the slots.

and post-fabrication expected values (241-350). As shown, the balanced external
coupling satisﬁes the minimum condition (3.1) over the full tuning range.

3.4

Experimental Validation
The balanced absorptive BSF is fabricated using a commercial milling and plating

system. 60-mil and 10-mil thick RO4350B substrates are employed as a cavity and
signal substrates, respectively. The total size of the ﬁlter is 0.39λg × 0.36λg (44 x 40
mm) (λg at 1.57 GHz). A photograph of the implemented ﬁlter is shown in Fig. 3.6.
As in [9,12,101], the top of each resonator is a ﬂexible 1-mil thick silver disk attached
to a T216-A4NO-273X piezoelectric actuator using silver epoxy. The top of the post
is coated with a 5-µm thick Parylene-N layer to prevent shorting with the silver disk.
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Fig. 3.5.: Design parameters dependence on the resonant frequency.

Fig. 3.6.: Photograph of the proposed ﬁlter, (a) Top view (b) Bottom view.

The actuator is used to tune the resonant frequency of the resonators by changing
gap between the posts and the silver disk.
Fig. 3.7 presents the measured and simulated mixed mode S-parameters of the proposed balanced absorptive BSF at ﬁve diﬀerent states throughout the tuning range.
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Fig. 3.7.: Measured (m) and simulated (s) mixed mode S-parameters of the proposed
balanced absorptive BSF (a) Balanced to balanced (b) Common to common.
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Fig. 3.7(a) shows the balanced to balanced results. As shown, the ﬁlter can be tuned
starting from 1.57 GHz with a 102% tuning range. Throughout the tuning range, the
10-dB notch fractional bandwidth changes from 1% to 2.4%, and the minimum attenuation level is better than 47 dB. Common to common mixed mode S-parameters
are shown in Fig. 3.7(b). As expected, the proposed ﬁlter almost has minimal eﬀect
on the common mode signal.

3.5

Conclusion
A novel tunable balanced octave-tunable absorptive bandstop ﬁlter is presented

for the ﬁrst time. The ﬁlter has a size of (0.39λg × 0.36λg ) and is realized using a new
balanced absorptive BSF topology. Through resonators’ detuning, a deep attenuating
notch can be achieved over a wide tuning range (1.57 to 3.18 GHz). Throughout the
tuning range, the measured attenuation level is better than 47 dB, and the 10-dB
fractional bandwidth ranges from 1 to 2.4%. The proposed ﬁlter is applicable to
fully-balanced wide-band RF front-ends to protect the receiver from jamming and
undesired signals.
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4. HIGH PERFORMANCE TUNABLE NARROW-BAND
SIW CAVITY-BASED QUADRATURE HYBRID
COUPLER
4.1

Overview
This chapter presents, for the ﬁrst time, a tunable narrow-band substrate inte-

grated waveguide (SIW) cavity-based quadrature hybrid coupler. Four high quality
factor (Q) SIW evanescent-mode cavity resonators are employed in the design and
tuned using piezoelectric actuators. This allows the proposed coupler to have wide
spurious-free range, low power consumption and high power handling capability compared to other tunable planar couplers. The coupler can be tuned starting from
1.32–2.22 GHz with a measured insertion loss range from 1.29 to 0.7 dB. Over the
full range, the measured 3-dB fractional bandwidth ranges from 5 to 18% while the
measured ±5◦ phase error (6 S21 − 6 S31 ) absolute bandwidth ranges from 40 to 82 MHz
with an amplitude imbalance range between 1 to 0.3 dB. The measured reﬂection and
isolation are better than 12 dB and 17 dB, respectively. Moreover, the coupler has a
measured spurious free range of 5.1–3fo (lowest–highest frequency).

4.2

Introduction
Quadrature couplers are common microwave dividing components [24]. They are

frequently needed in tunable circuit networks or sub-communication systems. As
such, designs with diﬀerent tuning mechanisms have been demonstrated in many
research works [30].
A variety of implementation methods for reconﬁgurable quadrature couplers has
already been demonstrated. The ﬁrst few were designed using lumped elements [31].
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The coupling network in each branch was tuned by a varactor, which allowed for
changes in the working frequency. To reduce the size, the complementary metal-oxidesemiconductor (CMOS) technology was used for an on-chip integration in [32], where
an active tuning inductor was proposed. Using this method, both capacitances and
inductances can be tuned and a more ﬂexible adjustment was demonstrated. However,
the CMOS implementation exhibits some disadvantages, such as the high design cost,
strucural complexity, and large insertion loss. In an eﬀort to achieve miniaturization
and lower design cost, the mixed transmission line and lumped element were presented
in [33]. The lumped elements maintain a small circuit size and the transmission line
circuits permit working at a relative high frequency. An additional metric for practical
engineering work is also the power handling capability. A coupler based on a patch
resonator was thus proposed in [103].
When facing a practical engineering application, unfortunately, most of the above
mentioned tuning techniques and their implemented circuits fail to achieve decent
performances, in terms of wide spurious-free range, low power consumption, high
power ability, low insertion loss, and wide tuning range. A promising technique
addressing these issues is the substrate integrated waveguide (SIW) evanescent-mode
cavity, tuned with a piezoelectric actuator. The evanescent-mode cavity resonator
has high intrinsic quality factor and its second order resonance is pushed far away
when a post is added. The piezoelectric actuation consumes little power and can
generate high actuation force, allowing for low-power consumption and high-power
handling operation compared to other technologies, such as varactors [104, 105].
In this chapter, a tunable, narrow-band, hybrid quadrature coupler utilizing the
SIW cavity is proposed for a high performance design. The coupler is analyzed with
a generic coupling scheme, where the coupling coeﬃcient between resonators and
the external coupling are discussed. Based on the equivalent circuit, the physical
dimensions of the SIW structure are readily determined. When all four cavities are
tuned simultaneously, the working frequency of the coupler is shifted. Comparison
with previous works shows state-of-the-art performance. The measured ±5◦ phase
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error (6 S21 − 6 S31 ) absolute bandwidth ranges from 40 to 82 MHz with an amplitude
imbalance range of 1 to 0.3 dB. The coupler has a spurious free range better than
3fo .

4.3

Theory

4.3.1

Conventional branch-line hybrid coupler

The conventional branch-line coupler shown in Fig. 4.1 can easily be implemented
in planar conﬁguration such as microstrip and strip line [24]. As shown, the coupler
has four ports which are terminated by terminal impedance Z0 . It consists of two
sets of transmission lines. The ﬁrst set consists of two through transmission lines
with a characteristic impedance Zo1 while the other set has two shunt branches with
a characteristic impedance Zo2 . All employed transmission lines have 90◦ electrical
length. Referring to Fig. 4.1, the signal applied to port 1 will be equally split at port
2 and port 3 with a 90◦ phase diﬀerence and port 4 will be isolated. The branchline coupler is a symmetrical device, so any port can be used as input port. At the
operating frequency, the scattering parameters are given by [106]
S21 = −j

Zo1
,
Zo

(4.1)

S31 = −j

Zo1
,
Zo2

(4.2)

S11 = S41 = 0,

(4.3)

Thus the complete scattering matrix can be expressed as
⎛
0
0
−j ZZo1o −j ZZo1
o2
⎜
⎜
⎜ −j ZZo1o
0
0
−j ZZo1
o2
⎜
[S] = ⎜
Zo1
Zo1
⎜ −j Z
0
0
−j Zo
o2
⎝
0
−j ZZo1
−j ZZo1o
0
o2

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(4.4)
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Fig. 4.1.: Geometry of a conventional branch-line hybrid coupler.

The scattering matrix for a general 90◦ symmetric coupler is given by [24]
⎛
⎞
0 α jβ 0
⎜
⎟
⎜
⎟
⎜ α 0 0 jβ ⎟
⎟
[S] = ⎜
⎜
⎟
⎜ jβ 0 0 α ⎟
⎝
⎠
0 jβ α 0

(4.5)

For an equal power division between ports 2 and 3, we have
1
β=α= √ ,
2

(4.6)

Then by using (4.6) in (4.12) and comparing them to (4.4), it gives
1
Zo1 = √ Zo ,
2

(4.7)

Zo2 = Zo ,

(4.8)
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Fig. 4.2.: Topology of a quadrature hybrid coupler using four-coupled resonators.

4.3.2

Coupled resonator 90◦ hybrid coupler

In this section, a coupled resonator 90◦ hybrid coupler will be synthesized based
on its equivalent circuit. Four parallel resonators can be added to the four corners
of the circuit while the quarter-wavelength transmission lines can be modeled as
the couplings between resonators [107]. Fig. 4.2 shows a topology of a quadrature
hybrid coupler using four-coupled resonators. As seen, the black circle represents the
resonator, Qe is the external quality factor, K121 and K122 are the inter-resonator
coupling coeﬃcients between the resonators. Here, the coupled resonator 90◦ hybrid
coupler will be synthesized by calculating the the inter-resonator coupling coeﬃcients
K121 and K122 and the external quality factor Qe analytically.
Near resonance, a microwave resonator can be modeled by either a series or parallel LC lumped-element equivalent circuit, and the inter-resonator coupling can be
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Fig. 4.3.: The lumped-element equivalent circuit of the 90◦ hybrid coupler with four
parallel resonant circuits and admittance inverters.

modeled by either impedance or admittance inverters [108]. Here, parallel conﬁguration is used to model the resonators , and the admittance inverter is used to model
the coupling. Shown in Fig. 4.3 is the lumped-element equivalent of the 90◦ hybrid
coupler with four parallel resonant circuits and admittance inverters.

Coupling coeﬃcients and external quality factors extraction
All the coupling coeﬃcients are assumed to be based on mutual inductance, and
the associate couplings are magnetic couplings. Fig. 4.4(a) shows the lumped element
equivalent circuit for a synchronously parallel tuned resonator circuit with magnetic
coupling, where L and C are self-inductance and self-capacitance, and m Lm represents the mutual inductance. The angular resonant frequency of the uncoupled
resonator is ωo =

√1
LC
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Fig. 4.4.: (a) Synchronously tuned parallel coupled resonator circuit with magnetic
coupling. (b) An alternative form of the equivalent circuit with an admittance
inverter J =

1
.
ωo Lm

Fig. 4.4(b) shows an alternative form of equivalent circuit having the same network
parameters as those of Fig. 4.4(a). As shown, the magnetic coupling is represented
by admittance inverters J =

1
.
ωo Lm

0

When the symmetry plane (T −T ) is replaced by

an electric wall (short circuit), the resultant single-resonant has a resonant frequency
1

fe =
2π

q

LLm
C
L+Lm

,

(4.9)
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On other hand, if the symmetry plane is replace by magnetic wall (open circuit), the
resultant single-resonant has a resonant frequency
1

fm =
2π

q

−LLm
C
L−Lm

,

(4.10)

As in [106], equations (4.9) and (4.10) can be used to ﬁnd the magnetic coupling
coeﬃcient K12
2
fe2 − fm
L
=
,
2
2
Lm
fe + fm

K12 =

(4.11)

At the resonance frequency, the ABCD matrix of the admittance inverter shown in
Fig. 4.4(b) will be
⎛
⎝

A B
C D

⎞

⎛

⎠=⎝

0
J
ωLm

JωLm
0

⎞
⎠

(4.12)

By comparing Fig. 4.1 and Fig. 4.3, it can be seen that the 90◦ transmission line is
replaced by an admittance inverter. The ABCD matrix of a 90◦ transmission line is
given by [24]
⎛
⎝

A B
C D

⎞

⎛

⎠=⎝

0
J
Zo

JZo
0

⎞
⎠

(4.13)

By equating equations (4.12) and (4.13), it can be found that
Lm =

Zo
,
ωo

(4.14)

Referring to Fig. 4.1 and Fig. 4.3, it can be seen that there are two diﬀerent transmission lines with two diﬀerent characteristics impedances (or two diﬀerent magnetic
coupling values) that can be deﬁned as
Lm1 =

Zo1
,
ωo

(4.15)

Lm2 =

Zo2
,
ωo

(4.16)

Then using (4.7) and (4.8) in (4.15) and (4.16) gives
Zo
Lm1 = √
,
2 ωo

(4.17)
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Fig. 4.5.: Proposed 3-D structure of tunable ﬁltering quadrature hybrid coupler.

Lm2 =

Zo
,
ωo

(4.18)

Finally, by using (4.17) and (4.18) in (4.11), the inter-resonator coupling coeﬃcients
can be found as follows

√
L
2 ωo L
=
,
K121 =
Zo
Lm1
L
ωo L
=
,
K122 =
Zo
Lm2

(4.19)
(4.20)

The external quality factor Qe for a parallel resonator coupled magnetically can be
given by [108]
Qe =

4.4

1
Zo
=
,
ωo L
G ωo L

(4.21)

Design
The design procedure starts with the speciﬁed fractional bandwidth (FBW) of

the ﬁltering response, which is coarsely equal to the inverse of the external quality
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factor (Qe ) for bandpass ﬁlters [108]. As a result, all the coupling coeﬃcients can
be calculated by equations (4.19), (4.20), and (4.21). After reaching a static design,
it can be noted that the ratios among these parameters are constant (K121 : K122 :
√
1/Qe = 2 : 1 : 1). Therefore, a frequency reconﬁgurable coupler can be implemented
by maintaining this ratio while tuning each resonator’s working frequency.

Fig. 4.6.: The external quality factor’s (Qe ) dependence on the angle of the arc-slot,
and the inter-resonator coupling’s (K12 ) dependence on the iris width. The physical
dimensions of the coupler are shown in the inset ﬁgure.

The 3-D structure of the proposed tunable coupler is shown in Fig. 4.5. Four
high quality factor Q SIW evanescent-mode cavity resonators are employed in the
design and tuned using piezoelectric actuators [104,105]. The inter-resonator coupling
is realized using inductive coupling iris, while the external coupling is realized by
inductive coupling arc-slots.
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Fig. 4.7.: Coupling coeﬃcient’s dependence on the operating frequency of the
rat-race coupler.

Fig. 4.6 shows how the designed coupling values can be realized. The Qe values
can be controlled by changing the angle of the arc-slot while at a ﬁxed resonators’
center to center distance, the values of K121 and K122 can be controlled by changing
the width of the iris. The physical dimensions of the coupler are shown in Fig. 4.6
(inset ﬁgure).
As an example, a static design at 1.8 GHz (which is also the center of the tuning
range) and an 8% FBW is chosen. The other coupling values are calculated using
equations (4.19), (4.20), and (4.21). Fig. 4.7 shows the values of the coupling coefﬁcients and how they change while tuning. Moreover, based on the values of K122 ,
the optimum values of K121 , and Qe are plotted. As shown in Fig. 4.7, the simulated values of K121 almost match the optimum values. However, as the coupler is
tuned away from the center frequency, the simulated Qe values drift away from the
optimum values. This will cause some non-ideal eﬀects (discussed in the following
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section). The coupling coeﬃcients are optimized using the Advanced Design System
software (ADS, Keysight Technologies). The whole design is simulated and optimized
with the High-Frequency Structure Simulator software (HFSS, Ansys).

4.5

Experimental Results and Discussion

Fig. 4.8.: A photograph of the fabricated coupler is shown in the inset ﬁgures as (a)
Top view (b) Bottom view.

The quadrature hybrid coupler is fabricated using a commercial milling and plating
system. A 60 mil thick substrate (RO4003C, Rogers Co.) is utilized. The total size
of the coupler is 0.37λg × 0.37λg (50.1 × 50.1 mm2 ), where λg is the guided wave
length of a 50 Ω microstrip line at the beginning of the tuning range. The top of
each resonator is a ﬂexible 1 mil thick silver disk attached to a piezoelectric actuator
(T216-A4NO-273X, Piezo Systems) using silver epoxy. In addition, the top of each
post is coated with a 4 µm thick Parylene-N layer to prevent shorting with the silver
disk. A photograph of the implemented coupler is also in Fig. 4.8.
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Fig. 4.9.: Measured and simulated S-parameters of the proposed tunable quadrature
coupler.

Fig. 4.9 presents the measured and simulated S-parameters of the proposed coupler. For clarity, only three states at the beginning, middle, and the end of the
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tuning range are plotted. As shown, the coupler can be tuned starting from 1.32 to
2.22 GHz with a measured output port insertion loss range from 4.3 to 3.8 dB. Over
the full range, the measured 3-dB fractional bandwidth ranges from 5 to 18% while
the measured ±5◦ phase error (6 S21 − 6 S31 ) absolute bandwidth ranges from 40 to
82 MHz with an amplitude imbalance range between 1 and 0.3 dB. The measured reﬂection and isolation are better than 12 dB, and 17 dB, respectively. At the resonant
frequency, the coupler has no phase errors, and the amplitude imbalance is better
than 0.1 dB. In order to show the spurious free range, the measured and simulated
reﬂection coeﬃcients at port 1 are plotted in Fig. 4.10 for the lowest and highest frequencies within its tuning range. As the ﬁgure shows, the high-frequency harmonics
are almost static leading to a spurious-free range between 5.1fo to 3fo . This range
can be further increased by using diﬀerent external coupling structures [104].

Fig. 4.10.: Measured and simulated reﬂection coeﬃcients at port 1 at the lowest and
highest frequencies of the tuning range.
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As shown in Fig. 4.9, the simulations do not perfectly match the measurements
for the reason that the fabricated coupler has a higher Qe than the simulated one.
This causes the Qe curve shown in Fig. 4.7 to shift up, pushing the intersection point
with the Opt.Qe curve to higher frequency. At the optimum Qe , the matching (S11 ),
the isolation (S41 ), and the phase diﬀerence will have the optimum response [24].
However, for a certain acceptable limit, as the Qe increases above the optimum value,
the matching (S11 ) becomes lower than the isolation (S41 ), the bandwidth port 2
(S21 ) decreases compared to the bandwidth at port 3 (S21 ), the phase diﬀerence
ripples increase, and vise versa. After this limit, both the matching and the isolation
will decrease.
Table 4.1.: Comparison with Other State of The Art Tunable Couplers
[109]

[110]

[32]

This work

MEMS

CMOS

Varactor

Piezo

1.6-2.3

2-6

1.3-2.7

1.32-2.22

Tunability (%)

44

200

107

69

Insertion loss (dB)

0.5-0.7

0.2-1.3

0.1-1.2

1.29-0.7

Spurious free range

Narrow

Narrow

Narrow

Wide

Power consumption

sub-mW

mW

mW

sub-mW

Power handling

5W

-

-

> 90 W∗

Tech.
Frequency range
(GHz)

∗

Estimated from [105].

Comparison with other state-of-art tunable quadrature couplers is shown in table
4.1. While the proposed coupler exhibits comparable performance in terms of tuning
range and insertion loss, the coupler has the widest spurious-free range, the lowest
power consumption, and the highest power handling capability.
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4.6

Conclusion
A novel, compact, tunable, narrow-band SIW, cavity-based quadrature coupler is

presented for the ﬁrst time. The coupler shows a 69% tunbility range starting from
1.32 GHz. The measured insertion loss, reﬂection, isolation and spurious free range
are better than 1.3, 12, 17 dB and 3fo , respectively. Employing an evanescent-mode
cavity as the resonator and a piezoelectric actuator as the tuner allows the coupler to
have very wide spurious-free range, low power consumption, and high power handling
capability compared to other tunable planar couplers. This quadrature coupler design
methodology is also suitable for narrow-band moderate high power applications.
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5. TUNABLE FILTERING RAT-RACE COUPLERS
BASED ON HALF-MODE AND FULL-MODE SIW
EVANESCENT-MODE CAVITY RESONATORS
5.1

Overview
In this chapter, for the ﬁrst time, frequency-tunable ﬁltering rat-race couplers

based on half-mode and full-mode evanescent-mode cavity resonators (EVA) are presented. Employing evanescent mode cavity resonators in the coupler design yields
attractive characteristics, such as a wide tuning range and a wide spurious-free range,
while also adding ﬁltering functionality to the device. The presented couplers are
synthesized as a two pole band pass ﬁlter using the coupling matrix method. Then,
the coupling coeﬃcients are mapped to a coupler topology. Design, simulations,
and experimental validation are presented. The total size of the proposed full-mode
EVA-based (FM-EVA-B) rat-race coupler is (0.38λg × 0.38λg [λg at 1.3 GHz]) which
represents 42% reduction in the structure footprint compared to a conventional one.
On the other hand, the implemented half-mode EVA-based (HM-EVA-B) rat-race
coupler has a very compact size (0.14λg × 0.14λg [λg at 885 MHz]) achieving a 92%
miniaturization in the structure footprint compared to the conventional planar one.
The FM-EVA-B coupler can be tuned starting from 1.3-2.21 GHz (70% tuning range)
while the HM-EVA-B coupler has an 86% tuning range ranging between 0.885–1.65
GHz . Throughout the tuning range, the FM-EVA-B and HM-EVA-B couplers show
an equal power splitting ratio and ﬁltering proﬁle with a measured insertion loss
between 4.2–3.7 dB and 5–4.2 dB, respectively. Over the full range, the measured
3-dB fractional bandwidth ranges from 5.5-6.46% for FM-EVA-B coupler and 6.8–8%
for HM-EVA-B coupler. Both couplers have measured isolation better than 30 dB.
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In addition, the HM-EVA-B coupler has a measured spurious free bandwidth ranges
between 10.2–5.45fo .

5.2

Introduction
The rat-race coupler is a four-port antisymmetric RF network that can operate as

an in-phase or out of phase power divider and power combiner by properly choosing
the excitation ports [24]. As such, rat-race couplers are used in the design of numerous
RF front-end components such as power ampliﬁers, balanced mixers, and antenna
array feeding networks [24, 34–36].
Several research eﬀorts have focused on enhancing the conventional rat-race coupler performance in terms of spurious suppression, size miniaturization, and reconﬁgurability. Achieving spurious suppression through wide stopband response is a very
desirable feature [44, 47, 111, 112]. Because a conventional rat-race coupler is mainly
built using ±90o transmission lines, it has inherent harmonics at 3fo and 5fo . This
problem is resolved in many reported works by using DGS [44], stepped-impedance
lines [47], parallel-coupled lines [111] and embedded ±K inverters [54] to suppress
the harmonics. Nevertheless, the maximum achieved spurious-free range is 6fo [47].
While some of those techniques also serve in miniaturization, composite right/lefthanded transmission lines [49] and folded lines [42] also assist in reducing the size.
As an alternative to miniaturization, various functions are integrated in the rat-race
coupler to reduce the number of RF front-end blocks such as ﬁltering [52–54]. Such
types of system-level miniaturizations have been realized in power dividers [55, 113],
power ampliﬁers [57], and antennas [59]. Regarding reconﬁgurability, most of reported reconﬁgurable rat-race couplers mainly focus on tuning the power dividing
ratio using varactors [37, 38]. However, a very limited number of papers presented
frequency tunable rat-race couplers, and the tuning range is below 30% [39–41].
Employing evanescent-mode cavity resonators (EVA) in the design of RF components adds many interesting features to these components [13, 22, 88, 105]. This type

70
of resonator is easily tuned using several technologies, such as varactors, electrostatic
MEMS, and piezoelectric actuators [8–13,114]. In addition to their high quality factor
(Q), they have a wide spurious-free range. This is due to the addition of a loading post
in the middle of the resonator, which results in the secondary resonant frequencies
being much higher than the operating frequencies [103, 104]. Moreover, due to their
inherent narrow band operation, any EVA-based component has a ﬁltering response,
allowing them to create multi-function device. Recently, fraction-mode EVA have
attracted a lot of interest due to their miniaturized size, reasonably high Q (higher
than planar resonators), and integrability with various tuners [115, 116].
In this chapter, tunable, ﬁltering rat-race couplers based on full-mode and halfmode EVA are presented for the ﬁrst time. The design methodology relies on mapping
the design of a standard Bandpass Filter (BPF) into the design of the coupler, achieving the desired ﬁltering response. The choice of EVA serves in providing a tunable
ﬁltering coupler, while maintaining a wide spurious-free range. The presented couplers are designed and experimentally validated. Compared to the conventional planar
rat-race coupler, the proposed FM-EVA-B and HM-EVA-B rat-race couplers have a
42% and 92%, respectively, miniaturization in the structure footprint. Throughout
the tuning range, the FM-EVA-B and HM-EVA-B couplers show an equal power
splitting ratio and ﬁltering proﬁle with a measured insertion loss between 4.2–3.7 dB
and 5–4.2 dB, respectively. Both couplers have measured isolation better than 30 dB.
The HM-EVA-B rat-race coupler measurements show a very wide spurious-free range
which is more than 5.45fo .
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5.3

Design

Fig. 5.1.: (a) Conventional planar rat-race coupler. (b) Topology of tunable
second-order band-pass ﬁlter. (c) Proposed tunable ﬁltering rat-race coupler
topology.
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Fig. 5.2.: Lumped-element equivalent of a coupled-resonator rat-race coupler.

A conventional planar rat-race coupler is shown in Fig. 5.1(a). The characteristic
impedance of the transmission lines are obtained using the even-odd mode analysis
[24]. For a rat-race coupler with Zo terminal impedance, all connecting transmission
√
lines have 2Zo characteristic impedance. Any two adjacent ports are connected with
a 90o transmission line, except for ports 3 and 4. These ports are connected with a
270o transmission line.
Rat-race couplers can also be realized using coupled resonators, which provides
additional ﬁltering functionality [52, 106, 117]. For a desired ﬁltering response, the
proposed rat-race coupler is synthesized as a second-order band-pass ﬁlter, shown in
Fig. 5.1(b), using the coupling matrix method [83,118]. Then, the coupling coeﬃcients
are mapped to the rat-race topology shown in Fig. 5.1(c).
Fig. 5.2(a) shows a lumped-element equivalent of a coupled-resonator rat-race
coupler. The resonators are coupled magnetically. The inter-resonator coupling value
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Kinter can be obtained by modeling the magnetic coupling as admittance inverters
and following a procedure similar to the one in [83].
Using equations (4.9), (4.10) and (4.11), the coupling coeﬃcient between two
parallel resonators coupled magnetically is given by

Kinter =

L
,
Lm

(5.1)
0

By equating the ABCD matrix of a 90◦ transmission line with Zo characteristic impedance to that of the admittance inverter shown in Fig. 5.2(b), the mutual
inductance can be obtained as follows [24]
0

Z
Lm = o .
ωo
From (5.1) and (5.2), a 90◦ transmission line with

(5.2)
√

2Zo characteristic impedance can

be replaced by
ωo L
K12 = √
,
2 Zo

(5.3)

while a 90◦ transmission line with Zo characteristic impedance can be replaced by
Kb12 =

ωo L
,
Zo

(5.4)

As a result, the inter-resonator coupling values are mapped as follows
Kb12
K12 = √ ,
2

(5.5)

where Kb12 is the inter-resonator coupling for the prototype BPF, and K12 is the
inter-resonator coupling in the rat-race coupler. On the other hand, the external
coupling value remains the same.
In the proposed coupler, the employed coupling coeﬃcients are based on a Chebyshev ﬁlter response (with a 0.2 dB passband ripple) at the low end of the tuning range.
The coupler is simulated and optimized with the ANSYS high-frequency structure
simulator (HFSS).
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Fig. 5.3.: Proposed 3-D structure of tunable ﬁltering FM-EVA-B rat-race coupler
(tuning elements are not shown).
.

5.4

Full-Mode EVA-Based Rat-race coupler
The proposed 3-D structure of the tunable rat-race coupler is shown in Fig. 5.3.

Evanescent mode cavity is employed as a high-quality resonator tuned by a piezoelectric actuator [12, 88, 119]. Negative inter-resonator coupling is realized using a
conventional iris structure between the resonators. Positive coupling is realized using
a line of vias connecting the top and bottom at the coupling region accompanied with
coupling slots (as shown in Fig. 5.3). This allows the current to transfer from the top
ceiling of one of the cavities to the bottom of the other cavity thus ﬂipping the sign
of the magnetic coupling [102]. The physical dimensions of the proposed coupler are
shown in Fig. 5.4(a). Fig. 5.4(b) shows the piezoelectric actuator assembly of the cavity. Shown in Fig. 5.4(c) is the magnetic ﬁeld distribution in the proposed rat-race
coupler when excited from port 4. As shown, the magnetic ﬁelds of the resonators
attached to ports 2 and 3 are 180-degree out of phase. This eliminates the coupling
to port 1 (isolated port).
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Fig. 5.4.: (a) Bottom view of one of the resonators showing the coupler’s physical
dimensions. (b) Side view of one of the cavities showing the tuning element
(piezoelectric disk) assembly on top of the cavity. (c) Bottom view of the
FM-EVA-B rat-race coupler showing the magnetic ﬁeld distribution in the four
resonators when port 4 is excited.

The proposed rat-race coupler is synthesized with a second-order band-pass ﬁlter
(BPF) response using the coupling matrix method [83]. At the low end of the tuning
range, the employed coupling coeﬃcients are based on a Chebyshev ﬁlter response
(with a 0.2 dB passband ripple). The coupler is simulated and optimized with the
ANSYS high-frequency structure simulator (HFSS). Fig. 5.5 shows how the coupling
coeﬃcients change throughout the tuning range.
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Fig. 5.5.: Coupling coeﬃcient dependence on the operating frequency of the
FM-EVA-B rat-race coupler.

Fig. 5.6.: Photograph of the proposed FM-EVA-B rat-race coupler, (a) Top view (b)
Bottom view.

5.4.1

Experimental Validation

The rat-race coupler is fabricated using a commercial milling and plating system.
A 60-mil thick RO4003C substrate is employed. The total size of the coupler is
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Fig. 5.7.: Measured S-parameters of the fabricated FM-EVA-B rat-race coupler
when excited at (a) port 1, and (b) port 4.

0.38λg × 0.38λg (54x54 mm2 ) (λg is calculated at 1.3 GHz). A photograph of the
implemented coupler is shown in Fig. 5.6. As shown in Fig. 5.4(b), the top of each
resonator is covered with a ﬂexible 1-mil thick silver disk attached to a T216-A4NO-
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273X piezoelectric actuator using silver epoxy. The top of the post is coated with a
4-µm thick Parylene-N layer to prevent shorting with the silver disk.
Fig. 5.7 presents the measured S-parameters of the proposed rat-race coupler
at ﬁve diﬀerent states within the designed tuning range. For clarity of the ﬁgure,
only measured results are shown in this ﬁgure. Fig. 5.7(a) shows the measured Sparameters when the coupler is excited at port 1 while Fig. 5.7(b) shows the measured
S-parameters when the coupler is excited at port 4. As shown, the power is split
equally between ports 2 and 3. The coupler is tunable from 1.3-2.21 GHz (70%
tuning range). Throughout the tuning range, the measured insertion loss changes
from 4.2-3.7 dB, the 3-dB fractional bandwidth changes from 5.5-6.46%, and the
isolated-port isolation is better than 30 dB.
In order to show the amplitude and phase balance at ports 2 and 3 when the
coupler is excited at ports 1 and 4, both ports 2 and 3 are considered as balanced (differential) port terminals. Fig. 5.8 presents the measured and simulated S-parameters
of the proposed coupler considering the balanced port (ports 2 and 3). As shown in
the ﬁgure, there is a good agreement between simulated and measured results. The
mixed mode s-parameters are computed using,
1
Sds1 = √ (S21 − S31 ),
2
1
Scs1 = √ (S21 + S31 ),
2
1
Sds4 = √ (S24 − S34 ),
2
1
Scs4 = √ (S24 + S34 ),
2

(5.6)
(5.7)
(5.8)
(5.9)

Fig. 5.8(a) and (b) prove that at the balanced port, only the common signal is
received when the coupler is excited at port 1. Similarly, only the diﬀerential signal
is received when the coupler is excited at port 4. In addition, as shown in Figs. 5.8(c)
and (d), the common and diﬀerential signal insertion losses range from 1.4-0.9 dB.
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Fig. 5.8.: (a) Measured (m) and simulated (s) S-parameters of the proposed
FM-EVA-B rat-race coupler. Port 1 is excited and both ports 2 and 3 are
considered as common port terminals. (b) Measured (m) and simulated (s)
S-parameters of the proposed rat-race coupler. Port 4 is excited and both ports 2
and port 3 are considered as diﬀerential port terminals. (c) Detail the pass-band
insertion loss (from (a)) at the low and high ends of the tuning range. (d) Detail of
the pass-band insertion loss (from (b)) at the low and high ends of the tuning range.
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5.5

Half-Mode EVA-Based Rat-race coupler

5.5.1

Half-Mode SIW Cavity Resonator

Fig. 5.9(a) shows the magnetic ﬁeld distribution of Mode I in a full-mode SIW
evanescent-mode cavity resonator (FM-EVA). Based on the orientation of the magnetic ﬁeld in the cavity and the electric ﬁeld on the top of the post [Fig. 5.9(b)],
bisecting the FM-EVA at one of its ﬁctitious magnetic walls creates a half-mode SIW
(HM-EVA) cavity operating at the same resonant frequency as the FM-EVA with
half the volume, as shown in Fig. 5.9(c). Fig. 5.9(d) presents the dependence of
Mode I, Mode II resonant frequencies, and the quality factor Q of Mode I on the capacitance gap g for both FM-EVA and HM-EVA. The Mode I and Mode II resonant
frequencies of both FM-EVA and HM-EVA are almost the same. The quality factor
Q of Mode I in HM-EVA drops compared to FM-EVA due to volume reduction and
increased radiation loss. Also, for both HM-EVA and FM-EVA, Q increases as the
resonant frequency increases, which is mainly due to the volume increase compared to
the wavelength. As expected in circular evanescent-mode cavity resonators, Mode II
(the fundamental mode of unloaded circular cavity) resonant frequency is practically
independent of g, and it is, for this implementation of unloaded cavities, at least eight
times higher than Mode I resonant frequency [24, 104]. This allows very wide band
rejection.

5.5.2

Coupling Coeﬃcients

The positive inter-resonator coupling coeﬃcient is realized using staggered vias
connecting the top and bottom at the coupling region accompanied with gabs gp [102].
This allows the current to transfer from the top of one of the cavities to the bottom of
the other one, ﬂipping the sign of the magnetic coupling. Fig. 5.10 shows the positive
inter-resonator coupling coeﬃcient (K12 ) dependence on various physical dimensions.
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Fig. 5.9.: (a) Magnetic ﬁeld distribution in SIW full-mode cavity resonator
(FM-EVA). (b) Electric and magnetic sources and their images near magnetic
conductors [36]. (c) Magnetic ﬁeld distribution in half-mode SIW (HM-EVA). cavity
resonator. (d) Mode I, Mode II resonant frequencies and the quality factor of mode
I dependence on capacitance gap g for unloaded resonators. A 100-mil thick Roger
TMM3 substrate is employed in the simulations, and the cavity and post top radii
are 8 and 3.1 mm, respectively.

As shown, positive inter-resonator coupling is directly proportional with wp , rp , gp
and wv and inversely proportional with lc .
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Fig. 5.10.: Positive inter-resonator coupling coeﬃcient (K12 ) dependence on various
physical dimensions. (a) Variation with rp and wp at diﬀerent values of gp . (b)
Variation with wv and lc at diﬀerent values of gp . The nominal values of rp , wp , wv
and lc are 0.35, 0.1, zero and 15.4 mm, respectively. When wv is swept, wp is 0.75
mm. The capacitance gap g is kept ﬁxed at 15 µm.

83
Negative inter-resonator coupling is realized using a conventional iris structure
between the resonators, while the external coupling is realized by shorting an inserted
pin from the bottom of the cavity with to the top of a post. Fig. 5.11 shows the
dependence of the external coupling and negative inter-resonator coupling on the
excitation pin distance from the center of the post top (df eed ), and the iris width,
receptively. As shown, the external coupling is directly proportional to df eed , and the
negative inter-resonator coupling is directly proportional to the iris width.

Fig. 5.11.: The external coupling coeﬃcient (Ke ) dependence on the distance
between the excitation pin from the center of the post top (df eed ), and the
inter-resonator coupling (K12 ) dependence on the iris width. The capacitance gap g
is kept ﬁxed at 15 µm.

Fig. 5.12 shows the coupling coeﬃcients and their dependence on the resonant
frequency throughout the tuning range. Within the desired tuning range, the positive
inter-resonator coupling values are optimized to have a slope suﬃciently close to the
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Fig. 5.12.: Coupling coeﬃcient dependence on the operating frequency of the
HM-EVA-B rat-race coupler. The ﬁnal chosen values of wp , rp , gp , wv and lc are 0.1,
0.25, 0.4, zero and 15.3 mm, respectively.

negative inter-resonator coupling slope . This is done by optimizing the physical
parameters shown in Fig 5.10.
Through exciting the proposed rat-race coupler from port 4, the magnetic ﬁeld
distribution in the coupler resonators is shown in Fig. 5.13. As shown, the magnetic
ﬁelds in the ports 2 and 3 resonators are out of phase, which eliminates the coupling
to port 1 (isolated port). The physical dimensions of the proposed coupler are shown
in the ﬁgure.

5.5.3

Experimental Results and Discussion

An exploded view of the simulated HFSS model of the proposed rat-race coupler is
shown in Fig. 5.14. The values of wp , rp , gp , wv and lc are 0.1, 0.25, 0.4, zero and 15.3
mm, respectively. The ﬁnal prototype is fabricated through four main steps. First,
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Fig. 5.13.: Bottom view of the HM-EVA-B rat-race coupler showing the magnetic
ﬁeld distribution in the four resonators when port 4 is excited. The physical
dimensions of the coupler are shown in the ﬁgure.

a printed circuit board (PCB) is fabricated using a commercial milling and plating
system. A 100-mil thick Roger TMM3 substrate is employed. The top of each post
is coated with a 4-µm thick Parylene-N layer to prevent shorting with the copper
ceiling. Second, the top of the cavity is covered by a 1-mil thick Roger ULTRALAM
3850HT which is a liquid crystal polymer (LCP) coated with 18-µm thick copper
layers on the both sides. The copper is etched using Transene copper etchant CE-100
to completely remove the copper from top side and to cover the cavity ceiling from
the other side without shorting the positive inter-resonator coupling structure. It
is attached to the top of the PCB using silver epoxy. Third, a T216-A4NO-273X
piezoelectric actuator is attached on the LCP layer above each half-mode resonator
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Fig. 5.14.: An exploded view of the simulated HFSS model of the HM-EVA-B
rat-race coupler.

using epoxy. Finally, the ports are attached to the bottom using four SOUTHWEST
220-511SF connectors with 12-mil diameter pins. A photograph of the implemented
coupler is shown in Fig. 5.15.
Throughout the desired tuning range, the measured 4-port S-parameters of the
proposed half-mode rat-race coupler are shown in Fig. 5.16 at ﬁve successive states.
Fig. 5.16(a) shows the measured S-parameters when the coupler is excited at port
4, while Fig. 5.16(b) shows the measured S-parameters when the coupler is excited
at port 1. As shown, the coupler is designed to have an equal power dividing ratio
between ports 2 and 3, and it is tunable from 0.885–1.65 GHz (86% tuning range).
Throughout the tuning range, the measured insertion loss and the 3-dB fractional
bandwidth range between 5–4.2 dB and 6.8–8%, respectively. The isolation is better
than 30 dB.
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Fig. 5.15.: Photograph at diﬀerent stages of the assembly processes of the proposed
tunable HM-EVA-B rat-race coupler. Fabricated cavity PCB (a) Top view (b)
Bottom view. Etched Roger ULTRALAM 3850HT (c) Top view (d) Bottom view.
Assembled coupler (e) Top view (f) Bottom view (g) Trimetric view.
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Fig. 5.16.: Measured S-parameters of the fabricated HM-EVA-B rat-race coupler
when excited at (a) port 4, and (b) port 1.
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Fig. 5.17.: (a) Measured (m) and simulated (s) S-parameters of the proposed
HM-EVA-B rat-race coupler. Port 4 is excited and both ports 2 and port 3 are
considered as diﬀerential port terminals. (b) Measured (m) and simulated (s)
S-parameters of the proposed rat-race coupler. Port 1 is excited and both ports 2
and 3 are considered as common port terminals.
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At the diﬀerent tuning states associated with Fig. 5.16, Fig. 5.18 shows the
measured phase diﬀerence between ports 2 and 3 when the coupler is excited from
port 1 or port 4 within a 7-dB bandwidth. As illustrated, the signals are 180o out
of phase when the excitation is done from port 4 and in phase when it is done from
port 1, with a maximum error of ±6o within the 7-dB bandwidth.

Fig. 5.18.: Measured phase diﬀerence between ports 2 and 3 within 7-dB bandwidth
when the coupler is excited from port 4 (top), and 1 (bottom).

In order to clearly compare between the measured and simulated S-parameters
in terms of amplitude and phase, both ports 2 and 3 are considered as terminals
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Fig. 5.19.: Measured and simulated reﬂection coeﬃcient at ports 4 and 1 at two
tuning states, the beginning and the end of the tuning range.

of a balanced port. Fig. 5.17(a) shows the measured and simulated S-parameters
at the balanced port when the coupler is excited from port 4. As expected, the
common signal is rejected and the diﬀerential signal passes. On the other hand, Fig.
5.17(b) shows the measured and simulated S-parameters at the balanced port when
the coupler is excited from port 1. As shown, the diﬀerential signal is rejected and
the common signal passes. Fig. 5.17 also shows that the simulated and measured
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results have the same ﬁltering proﬁle. However, the simulated results are better in
terms of the insertion loss, which is primarily due to losses associated with the coupler
assembly. The mixed mode s-parameters are computed using equations (5.6), (5.7),
(5.8), and (5.9).
In order to show the spurious-free range, measured and simulated reﬂection coefﬁcients at ports 4 and 1 are plotted in Fig. 5.19 at two tuning states (the beginning
and the end of the tuning range). As shown in Fig. 5.19, while tuning the resonator
(by changing the gap g), the higher harmonics are almost static. In addition, there is
a slight distiction between the resonator at port 1 (same as the resonator at port 2)
and the resonator at port 4 (same as the resonator at port 3) in terms of harmonic
proﬁle and resonant frequency. This is because the two resonators have diﬀerent
inter-resonator coupling structures. As shown in Fig. 5.13, the port 1 resonator has
two negative inter-resonator coupling structures while the port 4 resonator has one
negative inter-resonator coupling structure and the other is a positive one. Higher
harmonics’ resonant frequency values shown in Fig. 5.9 are diﬀerent from the values
shown Fig. 5.19 because the results shown in Fig. 5.9 are for unloaded resonators.

Table 5.1.: Comparison with Other State of The Art Rat-Race Couplers
Tech.

This work

[44]

[47]

Half-mode EVA (Piezo)

DGS
Periodic stepped

Filtering

Freq-Tuning

Spurious free

Size

IL

function

(%)

range/stopband

(mm2 )

(dB)

Yes

Yes (86)

10–5.45fo

30 × 30

fo = 0.885–1.65 (GHz)

(0.14λg × 0.14λg )

5fo

-

fo = 2.4 (GHz)

(0.5λg × 0.5λg )

6fo

30 × 30

fo = 2.4 (GHz)

(0.3λg × 0.3λg )

5fo

45 × 65

fo = 470 (MHz)

(0.095λg × 0.117λg )

4.3fo

20 × 25

fo = 2 (GHz)

(0.22λg × 0.27λg )

1.7fo

18 × 39

fo = 2.4 (GHz)

(0.2λg × 0.43λg )

No

No

No

No

impedance resonators
[54]

[52]

[53]

[39]

Embedded ±k-inverters

Coupled-resonator network

Coupled resonator

Parallel-strip lines (varactor)

Yes

Yes

Yes

No

No

No

No

Yes (30)

-

60 × 60

4.6 ± 0.4

3.12

3.16

4.2

4.4

3.7

-

(0.19λg × 0.19λg )
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Table 5.1 presents a comparison between the proposed coupler and other state-ofthe-art rat-race couplers. As shown, the proposed frequency-tunable rat-race coupler
has the widest tuning and spurious-free ranges with a very compact size and reasonable IL. In addition, it has a ﬁltering function which helps in system-level miniaturization.

5.6

Conclusion
Novel compact frequency-tunable ﬁltering rat-race couplers based on SIW full-

mode and half-mode evanescent-mode cavity resonators are presented for the ﬁrst
time. Utilizing EVA in the proposed coupler design allows the coupler to have a wide
tuning range, a wide spurious-free range, and ﬁltering functionality, while keeping the
insertion loss at a reasonable level. Design methodology, simulations and experimental
validation are presented. The proposed couplers could be useful for many reconﬁgurable RF front-end devices such as power ampliﬁers, balanced-mixers and antenna
array feeding networks. Moreover, The proposed couplers’ fabrication is compatible
with existing technologies, making it integrable with many wireless devices.
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6. SUMMERY AND FUTURE WORK
6.1

Dissertation Summary
This dissertation has presented a number of approaches in the ﬁeld of frequency

tunable multifunction microwave passive components. Two main functions have been
in the scope of this dissertation: Filtering and balanced response.
The dissertation starts by introducing novel compact tunable low-loss SIW cavitybased SE-SE, SE-BAL and BAL-BAL diplexers. Based on the demonstrated design
concepts, any combination of balanced and single-ended ports can be achieved controlled by the structure of external coupling. The only diﬀerence between the three
presented designs is in the external coupling structures. The measured isolation,
CMR, and tuning range are better than 30 dB, 40 dB, 45%, respectively, for all presented designs. Next, a novel tunable balanced octave-tunable absorptive bandstop
ﬁlter is presented. The ﬁlter is realized using a new balanced absorptive BSF topology
through adding balanced coupling structure to the conventional topology. Through
resonators’ detuning, a deep attenuating notch can be achieved over a wide tuning
range (1.57 to 3.18 GHz). Throughout the tuning range, the measured attenuation
level is better than 47 dB, and the 10-dB fractional bandwidth ranges from 1 to 2.4%.
The rest of the dissertation has introduced frequency tunable couplers with an
integrated ﬁltering function. First, a novel compact tunable narrow-band SIW cavitybased quadrature coupler is presented for the ﬁrst time. The coupler shows a 69%
tunbility range starting from 1.32 GHz. The measured insertion loss, reﬂection and
isolation are better than 1.3, 12, and 17 dB, respectively. Employing evanescentmode cavity as a resonator and piezoelectric actuator as a tuner allows the coupler to
have very wide spurious free range, low power consumption and high power handling
capability compared to other tunable planar couplers. Next, compact tunable ﬁltering
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rat-race couplers are introduced based on SIW full-mode and half-mode evanescent
mode cavity resonators. The couplers are synthesized as a second order band-pass
ﬁlter using coupling matrix method [83]. The obtained coupling coeﬃcients values are
mapped to the proposed couplers’ topology. The minimum measured tuning range
and isolation is 70% and 30 dB, respectively. The half-mode coupler has an ultra
compact size (0.14λg × 0.14λg ) while the full-mode couple has a very low insertion
loss (3+0.7) dB. The proposed couplers could be useful for many reconﬁgurable RF
front-end devices such as power ampliﬁers, balanced-mixers and antenna array feeding
networks.

6.2

Contributions
The contributions of this dissertation are as follows:
• Chapter 2: For the ﬁrst time, tunable dual-mode Substrate Integrated Waveguide (SIW) diplexers with various Single-Ended (SE) or Balanced (BAL) ports
are presented. Utilizing both dual-mode diplexing and SIW resonators reduces
the required volume by half and result in low loss and wide tunability. The
presented work experimentally demonstrates three designs with SE-SE, SEBAL, and BAL-BAL port conﬁgurations. The SE-SE, SE-BAL and BAL-BAL
diplexers can be tuned starting from 2.07, 2.2 and 2 GHz, respectively, with a
tuning range of 45, 57.2 and 63.5%, respectively. The average measured insertion loss is 1.32 dB for the SE-SE, 1.95 dB for the SE-BAL, and 2.15 dB for the
BAL-BAL. The average size of the diplexer is 55×55 mm2 . For the proposed
SE-BAL and BAL-BAL diplexers, the measured in-band CMR is better than
40 dB throughout the tuning range.
• Chapter 3: A balanced octave-tunable absorptive bandstop ﬁlter is presented
for the ﬁrst time. The balanced (diﬀerential) operation is realized by coupling
two transmission lines with an opposite polarity to each of two high-Q tunable
Substrate Integrated Waveguide (SIW) cavity resonators. The ﬁlter is based on
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the 90o hybrid-coupler absorptive bandstop ﬁlter topology enabling high levels
of rejection over a wide tuning range. The ﬁlter is tunable from 1.57-3.18 GHz
with 102% tuning range, and the measured 10-dB fractional bandwidth ranges
from 1-2.4% with attenuation level better than 47 dB.
• Chapter 4: A tunable narrow-band substrate integrated waveguide (SIW) cavitybased quadrature hybrid coupler is introduced for the ﬁrst time. Four high quality factor (Q) SIW evanescent-mode cavity resonators are employed in the design and tuned using piezoelectric actuators which allows the proposed coupler
to have very wide spurious free range, low power consumption and high power
handling capability compared to other tunable planar couplers. The coupler
can be tuned starting from 1.32 GHz with 69% tuning range with a measured
insertion loss ranges from 1.29-0.7 dB. Over the full range, The measured 3-dB
fractional bandwidth ranges from 5-18% while the measured ±5◦ phase error
(6 S21 − 6 S31 ) absolute bandwidth ranges from 40-82 MHz with an amplitude
imbalance ranges between 1-0.3 dB. The measured reﬂection and isolation are
better than 12 dB, and 17 dB, respectively.
• Chapter 5: For the ﬁrst time, compact frequency-tunable ﬁltering rat-race couplers are introduced. The couplers are synthesized as a two pole bandpass
ﬁlter using the coupling matrix method. Then, the coupling coeﬃcients values
are mapped to the proposed topology. Two designs are introduced based on
full-mode and half-mode tunable Substrate Integrated Waveguide (SIW) cavity
resonators. Employing evanescent mode cavity resonator in the coupler design
adds some attractive features to the design , such as wide tuning and spurious
free ranges and ﬁltering function. The total size of the proposed full-mode ratrace coupler is (0.38λg ×0.38λg [λg at 1.3 GHz]) which represents 42% reduction
in the structure footprint compared to a conventional one. It can be tuned starting from 1.3-2.21 GHz (70% tuning range). Moreover, it has an equal power
dividing ratio with a measured insertion loss ranging from 4.2-3.7 dB. Over the
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full range, the measured 3-dB fractional bandwidth ranges from 5.5-6.46%, and
the isolation is better than 30 dB. Regarding the half-mode coupler, it has a
very compact size (0.14λg × 0.14λg [λg at 855 MHz]) achieving a 92% miniaturization in the structure footprint compared to the conventional planar one. The
coupler has an 86% tuning range ranging between 0.855-1.65 GHz. Throughout
the tuning range, the coupler shows an equal power splitting ratio and ﬁltering
proﬁle with a measured insertion loss and 3-dB fractional bandwidth ranging
from 4.2–3.7 dB and 6.8–8%, respectively. The measured isolation is better
than 30 dB. In addition, based on the simulation and theoretical calculations
of unloaded circular cavity modes resonant frequencies, the coupler has a very
wide spurious free range which is more than 8fo .

6.3

Future Work

6.3.1

Frequency-tunable 90o successive-phase 6-dB power divider

A 90o successive-phase 6-dB power divider is a ﬁve-port microwave network in
which the power is divided equally into four output ports with a 90o successivephase diﬀerence between the ports. This component is very promising to replace
the phase shifters (analog and digital) in the design of transmitters and antenna
array feeding networks. Employing evanescent mode cavity resonator in the design of
such component can add interesting features to the design, such as low complexity,
frequency-tuning, wide spurious free range and ﬁltering function.
An exploded view of the simulated HFSS model of a frequency-tunable 90o successivephase 6-dB power divider is shown in Fig. 6.1. As shown, it is built using three copper
layers which can be realized using two laminated substrates: a cavity substrate and a
signal substrate. The excitation port is a balanced port with two terminals and two
excitation vias that can be connected directly to a balanced oscillator as a source.
Through balanced excitation, only Mode II will be excited in the cavity shown in Fig.
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Fig. 6.1.: An exploded view of the simulated HFSS model of a frequency-tunable
90o successive-phase 6-dB power divider.

6.1. The magnetic ﬁeld distribution of Mode II is shown in Fig. 6.2 while the electric
ﬁeld distribution exits only on the top of the posts(Fig. 6.3).
The electric ﬁelds on the top of each post have the same magnitude and are out
of phase (Fig. 6.3). As a result, coupling out (electrically) from the top of these
posts produces two diﬀerential signals. In addition, coupling out (magnetically) from
the slots shown in Fig. 6.1 also produces two diﬀerential signals. As known, the
magnetic coupling is 90o phase shifted from the electrical coupling. This creates 90o
successive-phase diﬀerence ports.
Fig. 6.4 presents the simulated S-parameters of the proposed 90o successive-phase
6-dB power divider at three tuning states. As shown, as resonant frequency is in-
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Fig. 6.2.: Magnetic ﬁeld distribution of the excited mode (Mode II) in the resonator.

Fig. 6.3.: Electric ﬁeld distribution of the excited mode (Mode II) in the resonator.

creased, the electrical coupling decreases because the electric ﬁeld intensity decreases
in the gap above the post. Moreover, as resonant frequency is increased, the magnetic coupling increases because the size of the coupling slot increases compared to
the wavelength. The power divider can be tuned from 7–8 GHz with less than 1-dB
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Fig. 6.4.: Simulated S-parameters amplitude of 90o successive-phase 6-dB power
divider.

Fig. 6.5.: Simulated S-parameters phase of 90o successive-phase 6-dB power divider
at the middle tuning state.
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amplitude imbalance. Fig. 6.5 shows the simulated S-parameters phase of the proposed 90o successive-phase 6-dB power divider at the middle tuning state. As shown,
the four output ports have 90o successive-phase diﬀerence over the entire frequency
range.
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A. EXTRACTION OF THE ELECTRICAL PARAMETERS
OF UNKNOWN MEDIA (MATLAB CODE)
A.1

Introduction

In bianisotropic material, the electromagnetic wave experience what is called magnoelectric coupling, and the constitutive relation between the electric and magnetic
ﬁelds are deﬁned by:
D = εE + ξH,

(A.1)

B = µH + ϑE, ,

(A.2)

where ε and µ are the permittivity and permeability tensors respectively, ξ and
ϑ are magnoelectric coupling tensors. In such material, Maxwell equations are given
by:
r × H = −iω(εE + ξH),

(A.3)

r × E = −iω(µH + ϑE),

(A.4)

and from Maxwell equations, the wave equation can be as follows

(A.5)
r2 V + k 2 V = 0,
⎛
⎞
µε − ϑ2 −µ(ϑ − ξ)
⎠. The detailed
where V = (E H)T , and K 2 = ω 2 = ⎝
2
εµ(ϑ − ξ) µε − ξ
theoretical analysis of bianisotropic materials can be found in [120, 121].
In this appendix, a Matlab code able to obtain the electrical properties (µ, ε, ξ and
ϑ) of unknown bianisotropic media impeded between two known medias is presented.
As shown in Fig. A.1(a)(b), two problem are presented, plane wave excitation and
TEM wave excitation in a coaxial cable. Only a two sides excitation is considered
which makes all (µ, ε, ξ and ϑ) are 2 × 2 matrices. Moreover, both transverse
components for all electric and magnetic ﬁelds are considered in our case.
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Fig. A.1.: (a) Conventional hybrid-coupler topology for absorptive bandstop ﬁlter
realization. (b) Proposed topology for the balanced tunable absorptive bandstop
ﬁlter.
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A.2

Matlab code

A.2.1

Plane wave excitation

clc

%%General inputs
E0=8.85418782e-12;

%vaccuum permitivity

M0=4*pi*1e-7;

%vacuum permeability

C=299792458;

%speed of light

Z01=50;

%Impedance of ﬁrst port

Z02=50;

%Impedance of second port

Z1=20e-3;

%thickness of ﬁrst layer in m

Z2=20e-3;

%thickness of second layer in m

Zt=1e-3;

%thickness of impeded layer in m

%%Layers input
E1=[2.1-.0021i 2.1-.0021i;
2.1-.0021i 2.1-.0021i]; %permitivity matrix of the ﬁrst layer
E2=[2.1-.0021i 2.1-.0021i;
2.1-.0021i 2.1-.0021i]; %permitivity matrix of the second layer
M1=[1-.0000i 1-.0000i;
1-.0000i 1-.0000i]; %permeability matrix of the ﬁrst layer
M2=[1-.0000i 1-.0000i;
1-.0000i 1-.0000i]; %permeability matrix of the second layer
ξ1=[0 0;
0 0]; %ﬁrst magneto-electric coupling matrix (ξ) of the ﬁrst layer
ξ2=[0 0;
0 0]; %ﬁrst magneto-electric coupling matrix (ξ) of the second layer
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ϑ1=[0 0;
0 0]; %second magneto-electric coupling matrix (ϑ) of the ﬁrst layer
ϑ2=[0 0;
0 0]; %second magneto-electric coupling matrix (ϑ) of the second layer

%%SNP ﬁles import

Sxx = sparameters(’xx.s2p’);
Syy = sparameters(’yy.s2p’);
Sxy = sparameters(’xy.s2p’);
Syx = sparameters(’yx.s2p’);

[m,n] = size(S.Frequencies); %assuming all the imported SNP ﬁles have the same
size

for j= 1:m
f=S.Frequencies(j); %Frequency
Freq(j)=f; omega=2*pi*f; %radian frequency
ko=omega/C; %Air wave number
N=[0 0 0 1;
0 0 -1 0;
0 -1 0 0;
1 0 0 0];
n=[0 -1;1 0];
Ix=[1;0];
Iy=[0;1];
s21xdy=Sxy.Parameters(2,1,j);
s21ydx=Syx.Parameters(2,1,j);
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s21xdx=Sxx.Parameters(2,1,j);
s21ydy=Syy.Parameters(2,1,j);
s22xdy=Sxy.Parameters(2,2,j);
s22ydx=Syx.Parameters(2,2,j);
s22xdx=Sxx.Parameters(2,2,j);
s22ydy=Syy.Parameters(2,2,j);
s12xdy=Sxy.Parameters(1,2,j);
s12ydx=Syx.Parameters(1,2,j);
s12xdx=Sxx.Parameters(1,2,j);
s12ydy=Syy.Parameters(1,2,j);
s11xdy=Sxy.Parameters(1,1,j);
s11ydx=Syx.Parameters(1,1,j);
s11xdx=Sxx.Parameters(1,1,j);
s11ydy=Syy.Parameters(1,1,j);

%%First and second layer (known layers) identiﬁcation matrices computing

A1=omega*N*[E0*E1(1,1)
E0*E1(2,1)

E0*E1(2,2)

E0*E1(1,2)

C−1 *ξ1(2,1)

C−1 *ξ1(1,1)

C−1 *ξ1(2,2);

C−1 *ϑ1(1,1)

C−1 *ϑ1(1,2)

M0*M1(1,1)

M0*M1(1,2);

C−1 *ϑ1(2,1)

C−1 *ϑ1(2,2)

M0*M1(2,1)

M0*M1(2,2);];

A2=omega*N*[E0*E2(1,1)
E0*E2(2,1)

E0*E2(2,2)

E0*E2(1,2)

C−1 *ξ2(2,1)

C−1 *ξ1(1,2);

C−1 *ξ2(1,1)

C−1 *ξ2(2,2);

C−1 *ξ2(1,1)

C−1 *ξ2(1,2)

M0*M2(1,1)

M0*M2(1,2);

C−1 *ξ2(2,1)

C−1 *ξ2(2,2)

M0*M2(2,1)

M0*M2(2,2);];

C−1 *ξ2(1,2);
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%%Total transfer matrix computing

V2=[s21xdx
s21xdy

s21ydx

s21ydy

s22xdy

Z02−1 *(-1)*s21xdy
Z02−1 *s21xdx

s22ydx;

1+s22ydy;

Z02−1 *(-1)*s21ydy

Z02−1 *s21ydx

V1=[1+s11xdx
s11xdy

1+s22xdx

s11ydx

1+s11ydy

Z01−1 *(-1)*(s11xdy)

Z02−1 *(s22xdx-1)

s12xdx

s12xdy

Z02−1 *(-1)*(s22xdy)

Z02−1 *(1-s22ydy);

Z02−1 *(s22ydx)];

s12ydx;

s12ydy;

Z01−1 *(s11ydy-1)

(-1)*Z01−1 *(-1)*s12xdy

(-1)*Z01−1 *(-

1)*s12ydy;
Z01−1 *(1-s11xdx)

Z01−1 *(-s11ydx)

(-1)*Z01−1 *(s12xdx)

(-1)*Z01−1 *(s12ydx)];

T=V2*(V1)−1 ;

%%Target material (unkown) transfer matrix computing
t1=expm(-1i*A1*Z1);

% transfer matrix of ﬁrst layer

t2=expm(-1i*A2*Z2);

% transfer matrix of second layer

tt=expm(1i*A1*Z1)*T*expm(1i*A2*Z2); % transfer matrix of target (unkown) layer

%%Target material (unkown) electrical properties extraction
Yt=i*logm(t2);
Gt=Yt*(Zt−1 );
At=(omega−1 )*(N−1 )*Gt;

EMAT=(1/E0)*[At(1,1) At(1,2);
At(2,1) At(2,2)];

% permitivity matrix of target layer
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MMAT=(1/M0)*[At(3,3) At(3,4);
At(4,3) At(4,4)];

%permeability matrix of target layer

ξMAT=C*[At(3,1) At(3,2);
At(4,1) At(4,2)];

%ﬁrst magneto-electric coupling matrix (ξ) of the target layer

ϑMAT=C*[At(1,3) At(1,4); At(2,3) At(2,4)];

%second magneto-electric coupling

matrix (ϑ) of the target layer
Mxx(j)=MMAT(1,1);
Mxy(j)=MMAT(1,2);
Myx(j)=MMAT(2,1);
Myy(j)=MMAT(2,2);
Exx(j)=EMAT(1,1);
Exy(j)=EMAT(1,2);
Eyx(j)=EMAT(2,1);
Eyy(j)=EMAT(2,2);
ξxx(j)=ξMAT(1,1);
ξxy(j)=ξMAT(1,2);
ξyx(j)=ξMAT(2,1);
ξyy(j)=ξMAT(2,2);
ϑxx(j)=ϑMAT(1,1);
ϑxy(j)=ϑMAT(1,2);
ϑyx(j)=ϑMAT(2,1);
ϑyy(j)=ϑMAT(2,2);

end

A.2.2
clc

%if loop ends

TEM wave excitation in coaxial cable
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%%General inputs
E0=8.85418782e-12;

%vaccuum permitivity

M0=4*pi*1e-7;

%vacuum permeability

C=299792458;

%speed of light

Z1=20e-3;

%thickness of ﬁrst layer in m

Z2=20e-3;

%thickness of second layer in m

Zt=1e-3;

%thickness of impeded layer in m

%%impedance scaling
Z0=50;

%Impedance of f the coaxial cable

a=2e-3;

%Inner radius of the coaxial cable in m

b=6.7e-3;

%outer radius of the coaxial cable in m

factor=log(b/a)/(2*pi);

%impedance scaling factor

Z01=Z0/factor;

%Impedance of ﬁrst port

Z02=Z0/factor;

%Impedance of second port

%%Layers input
E1=[2.1-.0021i 2.1-.0021i;
2.1-.0021i 2.1-.0021i]; %permitivity matrix of the ﬁrst layer
E2=[2.1-.0021i 2.1-.0021i;
2.1-.0021i 2.1-.0021i]; %permitivity matrix of the second layer
M1=[1-.0000i 1-.0000i;
1-.0000i 1-.0000i]; %permeability matrix of the ﬁrst layer
M2=[1-.0000i 1-.0000i;
1-.0000i 1-.0000i]; %permeability matrix of the second layer
ξ1=[0 0;
0 0]; %ﬁrst magneto-electric coupling matrix (ξ) of the ﬁrst layer
ξ2=[0 0;
0 0]; %ﬁrst magneto-electric coupling matrix (ξ) of the second layer
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ϑ1=[0 0;
0 0]; %second magneto-electric coupling matrix (ϑ) of the ﬁrst layer
ϑ2=[0 0;
0 0]; %second magneto-electric coupling matrix (ϑ) of the second layer

%%SNP ﬁles import

S = sparameters(’coax.s2p’);

[m,n] = size(S.Frequencies);
for j= 1:m
f=S.Frequencies(j); %Frequency
Freq(j)=f; omega=2*pi*f; %radian frequency
ko=omega/C; %Air wave number
N=[0 0 0 1;
0 0 -1 0;
0 -1 0 0;
1 0 0 0];
n=[0 -1;1 0];
Ix=[1;0];
Iy=[0;1];
s21xdy0;
s21ydx=0;
s21xdx=S.Parameters(2,1,j);
s21ydy=s21xdx;
s22xdy=0;
s22ydx=0;
s22xdx=S.Parameters(2,2,j);
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s22ydy=s22xdx;
s12xdy=0;
s12ydx=0;
s12xdx=S.Parameters(1,2,j);
s12ydy=s12xdx;
s11xdy=0;
s11ydx=0;
s11xdx=S.Parameters(1,1,j);
s11ydy=s11xdx;

%%First and second layer (known layers) identiﬁcation matrices computing

A1=omega*N*[E0*E1(1,1)
E0*E1(2,1)

E0*E1(2,2)

E0*E1(1,2)

C−1 *ξ1(2,1)

C−1 *ξ1(1,1)

C−1 *ξ1(2,2);

C−1 *ϑ1(1,1)

C−1 *ϑ1(1,2)

M0*M1(1,1)

M0*M1(1,2);

C−1 *ϑ1(2,1)

C−1 *ϑ1(2,2)

M0*M1(2,1)

M0*M1(2,2);];

A2=omega*N*[E0*E2(1,1)
E0*E2(2,1)

E0*E2(2,2)

C−1 *ξ1(1,2);

E0*E2(1,2)

C−1 *ξ2(2,1)

C−1 *ξ2(1,1)

C−1 *ξ2(1,2);

C−1 *ξ2(2,2);

C−1 *ξ2(1,1)

C−1 *ξ2(1,2)

M0*M2(1,1)

M0*M2(1,2);

C−1 *ξ2(2,1)

C−1 *ξ2(2,2)

M0*M2(2,1)

M0*M2(2,2);];

%%Total transfer matrix computing

V2=[s21xdx
s21xdy

s21ydx

s21ydy

Z02−1 *(-1)*s21xdy

s22xdy

1+s22xdx

s22ydx;

1+s22ydy;

Z02−1 *(-1)*s21ydy

Z02−1 *(-1)*(s22xdy)

Z02−1 *(1-s22ydy);
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Z02−1 *s21xdx

Z02−1 *s21ydx

V1=[1+s11xdx
s11xdy

s11ydx

1+s11ydy

s12xdx

s12xdy

Z01−1 *(-1)*(s11xdy)

Z02−1 *(s22xdx-1)

Z02−1 *(s22ydx)];

s12ydx;

s12ydy;

Z01−1 *(s11ydy-1)

(-1)*Z01−1 *(-1)*s12xdy

(-1)*Z01−1 *(-

1)*s12ydy;
Z01−1 *(1-s11xdx)

Z01−1 *(-s11ydx)

(-1)*Z01−1 *(s12xdx)

(-1)*Z01−1 *(s12ydx)];

T=V2*(V1)−1 ;

%%Target material (unkown) transfer matrix computing
t1=expm(-1i*A1*Z1);

% transfer matrix of ﬁrst layer

t2=expm(-1i*A2*Z2);

% transfer matrix of second layer

tt=expm(1i*A1*Z1)*T*expm(1i*A2*Z2); % transfer matrix of target (unkown) layer

%%Target material (unkown) electrical properties extraction
Yt=i*logm(t2);
Gt=Yt*(Zt−1 );
At=(omega−1 )*(N−1 )*Gt;

EMAT=(1/E0)*[At(1,1) At(1,2);
At(2,1) At(2,2)];

% permitivity matrix of target layer

MMAT=(1/M0)*[At(3,3) At(3,4);
At(4,3) At(4,4)];

%permeability matrix of target layer

M(j)=MMAT(1,1);
E(j)=EMAT(1,1);

end

%if loop ends

VITA

124

VITA
Mohamed F. Hagag received the B.S. and M.S. degrees in electrical and computer engineering from Military Technical College, Cairo, Egypt in 2007 and 2013,
respectively. He is currently pursuing the Ph.D. degree at Purdue University, West
Lafayette, IN, USA.
From 2009 to 2014, he was with Military Technical College where he was working
as a research and teaching assistant in Electronic Engineering department. His research has focused on diﬀerent metamaterial applications in microwave and millimeter
bands especially microwave components, miniaturized multiband antennas and radar
absorbers. He is currently with the School of Electrical and Computer Engineering
and Birck Nanotechnology Center, Purdue University. His current research interests
include reconﬁgurable RF front-end components based on high-Q cavity resonators.
While at Purdue University he won the best conference paper award in the IEEE
Wireless and Microwave Technology Conference (WAMICON) in 2018. Also, he was
the recipient of the third place award in the RF Tunable Filter student design competition at the 2018 International Microwave Symposiums.

